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Abstract

The Neoproterozoic was a time of major cha

major rise n atmospheric oxygen, the first appearance of complex metazoan life, and a series of
worldwide glaciations. A particular interesting element oséhso called s n o vElaa It |h 0

glacial deposits is the presence of iron formatiasisanctive Precambrianack type that is

largely absent from the peBtleoproterozoic record. Despite being relatively poorly studied with
respect to their geochemistry and sedimentology, Neoproterozoic iron formatiasedite
supportmany models for theecord ofoxygencorncentrationf the Earth. The classical example

of Neoproterozoic iron formation is the Rapitan iron formation of northwestern Carfada
hematitejasper iron formatiois associated with glaciogenic turbidites and diamictites. Despite
being the archetyy the Rapitan iron formation has not been studied in the context of recent ideas
about the Neoproterozoic. In this thesis, the stratigraphy, geochemistry, and basin architecture of
the Rapitan iron formation are reassessed. Using the REE+Y and theseeddive elements

Mo and U, it is shown that the Rapitan iron formation was deposited in a partially restricted basin
from biogenically reduced iron under variable redox conditions. Elemental Re and Mo isotopes
further show that although oxic and ferrugisaconditions predominated during deposition of the
iron formation, a transition towards a sulfidic water column locally terminated deposition.

Finally, regional stratigraphy and geochemistry show that the iron formation was preferentially
deposited in dgg newly formed basins that were protected from significant siliciclastic
sedimentation. These basins were delimited by inferred ciacs#d faults trending roughly
perpendicular to the axis of the rift basin, and afldsignificant changes in thickneaad
sedimentological character over short distances along strike. These factors help build an overall
geotectonic regime under which Neoproterozoic iron formations were deposited: young, deep rift
basins that had undergone marine incursion, and werenitttmtly sealed by an ice shelf,

allowing for the generation of an anoxic, irooh water columnThe absence of the Eu anomaly

and the heavy Mo isotopic signature indicate that the open ocean was fully oxygenated at the

time of Rapitan iron formation @esition, as opposed to ferruginous as previously suggested.
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Chapter 1: Introduction to the Thesis

1.1 Statement of Problem

One of themostunusual and enigmatic rock types is Precambrian banded iron formation.
These sedimentary rocks, consisting of chert and various iron minerals, are found in the
geological record from the Eoarchean through to the Neoproter@slker et al., 2010;

Kamber, 210), with the majority deposited in the Neoarchean and Paleoproterozoic. Depositing
sedimentary iron in the impressive volumes found in iron formations is assumed to have required
an anoxic water column capable of containing dissolved, reduce(Hodiand, 1984) which

would explain why iron formation is not deposited in the modern, fully oxic ocean. Furthermore,
little iron formationwasdeposited between 1.8 and 0.7 Ga, a time span of over a billion years,
prior to a sudden, large pulse of iramrhation deposition in the Neoproteroz@igin, 2009).

This observation has resulted in numerous different models for the evolution of the redox state of
the Proterozoic ocean, with various authors suggesting that the ocean was eitfi¢olaad,

1992, sulfidic (Canfield, 1998)or still ferruginougPoulton and Canfield, 201,1)ut with a

limited supply of marine iron for various reasqKsimp and Seyfried Jr., 2005; Bekker et al.,

2010) In any case, the sudden resumption of iron formation depositilhe Neoproterozoic is
significant, because it coincided with a major increase in marine and atmospheric oxygen content
(Neoproterozoic oxygenation event, NOE), which, although dwarfed in scale by its
Paleoproterozoic counterpart (the Great Oxygendiimnt, GOE)Bekker et al., 2004 )was still

critical in the development of the modern surficial system of the Earth and Shield€hou,

2012)

Neoproterozoic iron formation is distinct from older iron formations in that it is almost
exclusivelyassacat ed wi th gl aciogenic deposits associ
Eart ho ¢ |(Hoftmaraet al.,€l998)The relationship between these glacial events and
iron formation deposition has been hotly debated, with several different niodile
relationship between ice cover and iron formation deposiéan, Klein and Beukes, 1993;

Halverson et al., 2011; Hoffman et al., 201R¢rhaps the best studied Neoproterozoic iron
1



formation is the Rapitan iron formation of the northern Canacbadillera (Northwest

Territories and Yukon). The Rapitan iron formation is considered the archetypical
Neoproterozoic iron formation, and has been episodically studied since thed9606ross,

1965; Gross, 1993)t has not, however, been studiedyreat detail since the early 19830,

1984) and there is a paucity of both modern stratigraphic and geochemical work on this
geologically important iron formation. New stadin both of these areahouldgreatly improve

the understanding of this uswal rock typeand the critical time in Earth history in which it was
deposited. This thesis aims to establish the depositional history of the Rapitan iron formation, the
basinal and global redox conditions that contributed to its deposition, and tbggmajeaphy and
configuration of the basin in which it was deposited. T¥as done using numerous newly
measured stratigraphic sections, a large trace and major element geochemical dataset for iron
formation samples, and Mo isotopic data, to develop a amepsive analysis of the

depositional controls of the Rapitan iron formation.

1.2 Regional geological history

The Mackenzie Mountains (Northwest Territories and Yukon, Canada) are a Mesozoic
Tertiary foldthrust belt in the northern Canadian cordill@raese mountains expose sedimentary
rocks deposited on the northwestern margin of Laurentia from thé&leogroterozoic through to
the PermiarfGabrielse et al., 1973ith unexposed but presumably underlying Pateal
Mesoproterozoic sedimentary rockegerved to the northwest in the Wernecke Mountains,
Yukon (Thorkelson et al., 2005Proterozoic rocks of the Mackenzie Mountains outcrop in an
arcuate belfGabrielse, 1967; Aitken and Long, 19/8)e architecture of which reflects the
sedimentary basin configuration, controlled by several crgste structure@itken and Pugh,
1984)visible in geophysical surveys. The oldest rock unit in the general region, the
Paleoproterozoic Wernecke Sugeup, is a suite of metasedimentary rocks that have been
deformed repeatedly since deposition, including at 1.6 Ga in the Rackla Orogeny, during which
the volcanic terrain Bonnetia was obducted over tffaimlanetto et al., 2013; Nielsen et al.,

2013) The Wernecke Supergroup is unconformably overlain by the Mesoproterozoic Pinguicula
2



Group(Thorkelson et al., 2005yvhich is in turn unconformably overlain by the Mackenzie
Mountains Supergrou@urner, 2011)

The Mackenzie Mountains Supergroup contaimsdidlest Neoproterozoic strata in the
Mackenzie Mountains, consisting of the Dolores Creek, Tarn Lake, Black Canyon Creek,
Tabasco, and Tsezotene Formations, and the oveRytigerine and Little Dal Groug3urner,

2011; Long and Turner, 2012; Turraerd Long, 2012)These consist predominantly of shale,

siltstone, shallow to deep water carbonate rocks, shallow marine sandstone and minor evaporite.
The Mackenzie Mountains Supergroup was gently
extensional everthat predated Windermere Supergroup deposfiithorkelson et al., 2005)

The Mackenzie Mountains Supergroup is unconformably overlain by the Windermere

Supergroup, which consists of three formalised groups: the Coates Lake, Rapitan, and Hay Creek
Groupsand an i nf or nGréen and @opven; 1963 gYea 10P8; Aitken, 1989;

Jefferson and Parrish, 1989)

The basal package of the Windermere Supergroup is the Coates Lake Group, which is a
continental rift succession consisting of continental thiidddiasalt, continental siltstone,
evaporite, conglomerate, and carbonate rocks, and is host to the Coates Lake stratiform copper
deposit (Kupferschiefetype) (Jefferson, 1983; Rose et al., 1986; Jefferson and Ruelle, 1987;
Jefferson and Parrish, 1989he basal tholeiitic basalts are assumed to be the extrusive
equivalents of sills and dykes intruding the underlying Mackenzie Mountains Supergroup, and
have been dated at 7800 Ma, making them part of the Gunbarrel mafic igneous event
(Armstrong et al.1982; Harlan et al., 2003The Coates Lake Group is unconformably overlain
by the Rapitan Group, which consists of the basal, regionally limited diamictites of the Mt. Berg
Formation, finegrained turbidites of the Sayunei Formation, and massive diagsictitthe
Shezal Formatio(Eisbacher, 1978All three formations of the Rapitan Group have been shown
to be glaciogenic in origifYeo, 1981) and are presumed to belaiwghe Sturtian glaciation, the
ol dest of the three Ne aiplepsodesHafman and Hdlversoo,wb a | |
2011) The Sayunei Formation is locally capped by hem@gper iron formation, which can be
up to 120 m thick, forming the Crest iron depdKiein and Beukes, 1993The Rapitan Group
is conformably overlain by thHay Creek Group, which consistsnofidstonesiltstone and



wacke of the Twitya Formation, shallemater limestone and sandstone of the Keele Formation,
diamictite of the Ice Brook Formation, and cap carbonate of the Teepee dol&ton&978;

Aitken, 1991a; Aitken, 1991b; James et al., 20Dy et al., 2004; James et al., 2008)e Hay

Creek Group is suggested to be the first of t|
Windermere Supergroup, each with ansggtion transition from basinal shaleplatformal

carbonate, capped by a major flooding suri@&&rbonne and Aitken, 1995; Yeo et al., 1978)

The | atter two of these fAgrand cyclesodo are col
consisting of the Sheepbed (shale), Gametrail (limestone), Blefl(shale), and Risky

(limestone) formationgAitken, 1989) An unconformity is present at the top of the Risky

Formation, which marks the top of the Windermere Supergroup in the Mackenzie Mountains, and
which is overlain by the lower Cambrian Ingta &atkbone Ranges formations and lower to

middle Paleozoic rocks. During the Paleozoic, the region developed into two depositional

regions, the Mackenzie Platform, where predominantly shallow water carbonates were deposited,

and the Selwyn Basin, a deep marshale basin. Both contain sedimentaogted ZAPb

deposits MississipptValley type[MVT] on the platformSedimentary hosted exhalative

[SEDEX] in the basin) of late Cambrian to Devonian age, and it has been suggested that these are

of a cogenetic origifNelson et al., 2002plthough the MVT deposits maxg Imuch younger. All

rocks of the Mackenzie Mountains were variably thrust and folded during the MeSezbary

cordilleran orogeny.

1.3 Previous Work

It was first proposed in the middid thetwentieth century that apparently glaciogenic
deposits, a commoemvorld-wide feature in Neoproterozoic sedimentary basins, may record a
global glaciationHarland, 1964)Much later, with the advantage of paleomagnetic data, it was
observed that many of these glacial deposits were apparently deposited at low |gfiNurttgs,
rise to the concept of a true gl obal gl aci ati
envisioned that the entire planet was glaciated down to the e@kiasmhvink, 1992) With

more detailed study, it was established that there were thteedgacial intervals in the
4



Neoproterozoic, which are commonly referred to as the Sturtian (~700 Ma), the Marinoan (~635
Ma) and the Gaskiers/Ediacaran (~585 Ma) glaciatibla$fman, 2009) Several unusual
lithologies were found to be stratigraphicadlysociated with these glacial deposits, namely cap
carbonates and iron formation, which were accepted as evidence for total glacial cover due to
their unusual stratigraphic and temporal implicatif¢thsffman et al., 1998)indeed several of

the cap carhmates are wellocumentecs havinginusual textureg.g., James et al., 200dnd
chemistriege.g., Huang et al., 201,3yhencompared to most other contemporary carbonate
rocks. The iron formation, associated almost exclusively with the Sturtiantglagldacdonald

et al., 2010)has proven much more confounding. Iron formation is predominantly associated
with the Archean and Paleoproterozoic, omeebillion years before the Neoproterozoic

s nowb a l(Klein,2@05) Othed than these Neoprotema examples, there are very few
iron formations younger than 1.8 billion years old, althotigine ardooth Mesoproterozoige.g.,
Slack et al., 2007and Phanerozoi.g., Peter et al., 2008xampledirectly associated with
submarine hydrothermal activityhis apparent disparity has been explained through proposed
variations in the redox state of the océeuy., Canfield, 1998; Holland, 1984 through

changes in the global hydrothermal and volcénic (e.g., Kump and Seyfried Jr., 2005; Bekker
et al., 2010)Most models, however, place much more emphasis on the proposed glaciation
associated with these iron formatidqkdein and Beukes, 1993; Hoffman, 2009; Hoffman and Li,
2009; Hoffman et al., 201).

The Rapitan iron formation of the Windermere Supergroup (Northwest Territories and
Yukon, Canada), is the archetypical example of Neoproterozoic iron fornf@ioss, 1993)
although prominent examples are also present in Bi€lzin and Ladeira2004) South
Australia(Lottermoser and Ashley, 2000Namibia(Le Heron et al., 2013and elsewhere
worldwide (e.g., Hoffman and Li, 2009; Ilyin, 2009yon formation was first reported in the
Snake River area, Yukon, during the Klondike gold rii&ele, 1906) and discovered in the
Mackenzie Mountains, NWT soon aff@geele, 1910)Siliciclastic rocks associated with the iron
formation were identified as glaciogenic by Ziedl#959) and iron formation of substantial
thickness was discovered in 19@tuart, 1963)The thick iron formation was the subject of
extensive exploration by Crest Exploration, Ltd., a subsidiary of Standard Oil of California (now

Chevron Corp.) in the 1960s, and a 5.6 billion tonne iron deposit with 42.7% Fe was reported
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over a area of 25.9 kfrin the northern Mackenzie Mountains near the NWITborder(Stuart,
1963) but was found to be stdzonomic due to remoteness and metallurgical concerns.
Intensive field mapping studies conducted by the Geological Survey of Canadd 97@ise
confirmed the glaciogenic origin of the Rapitan Gr¢ap designated by Green and Godwin,
1963) and its component formations, the Mt. Berg, Sayunei, and Shezal forn{atigns

Condon, 1964; Upitis, 1966; Gabrielse et al., 1973; Eisbacher, 19189y 1976; Eisbacher,
1978; Yeo, 1978; Eisbacher, 1981a; Eisbacher, 1981b; Yeo, 1981; Yeo, 1984; Eisbacher, 1985;
Yeo, 1986) The most irdepth of these studies concluded that the iron formation was probably
the product of interaction between hydrotherawlvity and glacial covefYeo, 1981) which

was in agreement with some of the earliest work on the ddfosis, 1965)and in agreement
with several later worker®.g., Klein and Beukes, 1993; Halverson et al., 2011; Hoffman et al.,
2011) and congtent with iron formation depositional models ovefaly., Derry and Jacobsen,
1990; Isley, 1995; Isley and Abbott, 1999; Clout and Simonson, 2005; Bekker et al., 2010).

1.4 Field and analytical methods

Excellent and often neaomplete exposure oféRapitan Groupn exposed ridges and
in creek bedggreatly facilitated the study of its stratigraphy and its implications for basin
reconstruction. Stratigraphic sections were measured at aseatecusing a 1.5 m range pole
fitted with a clinometeret to the measured dip of the stratigraphy to ensure measurement of true
thickness. The lack of structural deformation, apart from a relatively gentle dip resulting from
MesozoieTertiary thrusting Eisbacher, 1981kgreatly facilitated this effort. Atteittn was paid
to sedimentary structures, grain size in siliciclastic rocks, clast composition in diamictite, and the
texture and mineralogy of iron formation. Furthermore, the relative proportions of hematite and
jasper beds, as well as the proportionsaspgr beds and nodules, were given great importance.
Samples and photographs of the strata were taken where appropriate, both of which were

collected at especially high density in iron formation intervals.



Eighty-nine polished thin sections were prepd@doetrographic investigation of chert
and iron formation samples. These materials were examined to identify microstructures in the
chert beds and nodules, as the first stage towards selecting samples for geochemical analysis.
Jasper beds that were foutadbe texturally homogeneous were thensreeened for chemical
homogeneity by.aser Ablation Inductively coupled plasma mapsctromete(LA-ICP-MS) at
Laurentian University following the protocol described by Baldwin g28111) Jasper bands
that were found to be chemically homogeneous weresantpled for hi-precision total
dissolution trace element geochemical analysis, and analysed at Laurentian University (94
samples) for a suite of 46 trace elemdnex Baldwin et al., 2012, online supplement for
analytical methodsMajor elements were either analyasdICP-MS (22 samples) at Laurentian
University, or byx-ray fluorescencéXRF) at the Ontario Geoscience Laboratories (72 samples).
Twenty-two samples were selected to be analysed for the elemental Re concentration by isotope
dilution ICR-MS at Laurentian University, usingdlsame digestions as the full trace element
suite(Baldwin et al., 2013)Of those 22 samples, 11 were sentto Thon@sINer 6 s 1 sot ope

geochemistry lab at Instit fir Geologie, Universitat Bern, Switzerland for Mo isotope analysis.

1.5 Structure of thehesis

This dissertation is presented in five chapters. Chaptérar2 written as manuscripts for
publication in refereed scientific journals. Frequently, these chapters overlap in their introduction,
due to their preparation as individual pap€&tgthermore, due to their sequential publication,
each successive chapter contains reference to those preceding it.

A number of collaborators provided supervision and scientific guidance during various
stages of the preparation of this dissertation, soiméhom are included as -@uthors. These
collaborations provided invaluable scientific discussions on the stratigraphic and basin controls
on Rapitan iron formation, the role and scale
systematics and appéition of therare earth elements plus yttriuREE+Y), redoxsensitive

trace metals, and Mo isotopes in the reconstruction of the basin chemistry and its implications for
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the Neoproterozoic ocean as a whole. Despite these contributions, as first author, | conducted all
of the field work andneasured the stratigraphic sections, digitized and compared these sections
across the basin, prepared (and in some cases, analyzed) samples for trace and major element
geochemical analysis, made the primary interpretations of all data, prepared thraftissbf

each manuscript, and communicated with the journal editors.

Chapter 1 introduces the reader to the purpose and objectives of this project, as well as an
overview of the methodology, background geology and structure of the thesis.

~

Chapter2iswi tt en as a manpwdepositionaltmodelrot glatidgend
Neoproterozoic iron formation: Insights from the chemostratigraphy and basin
configuration of the Rapitan iron formationd ( P u b | i Gahaeian J&uhd & Earth
Sciences, vo#9, p. 455476) This paper presents a detailed stratigraphic and trace element study
of a single wellexposed exposure of the Rapitan iron formation, with emphasis on the behavior
of the REE+Y, as well as the redegnsitive transition metals Mo and U.ikugthese data, it
proposes an updated depositional model for the deposition of Neoproterozoic iron formation, as

well as insight into the global redox state of the Neoproterozoic ocean.

The coauthors on this publication are: Turner, E.C. and Kamber,[Bfartment of
Earth Sciences, Laurentian University, 935 Ramsey Lake Rd, Sudbury, ON P3E 2C6 (current
address for Kamber, B.S.; Department of Geology, Trinity College Dublin, Dublin 2, Ireland).

This manuscript is also Northwest Territories Geoscienfie€dfontribution 0052.

Chapter 3 is writt elheMa sotopic corapositisnofrtiemid ent i t |
Neoproterozoic ocean: an iron formation perspectiv@ ( Pu b | i Rrdcamiria? 0 1 3,
Research, vol. 230, p. 1d88). This paper supplies the figtiblished Mo isotopic and
elemental Re compositions of iron formation of any age, which are used to improve the
interpretations made in chapter 2, as well as identify a mechanism for the end of the deposition of
the Rapitan iron formation, and its impliicats for thed®®Mo composition of the Neoproterozoic

ocean.

The coauthors of this publication areadier, T.F., Greber, N.D., Instit fir Geologie,

Universitat Bern, Baltzerstr. 1, 3012 Bern, Switzerland; Turner, E.C., Department of Earth
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Sciences, La@ntian University, Sudbury, ON, P3E 2C6; and Kamber, B.S., Department of
Geology, Trinity College Dublin, Dublin 2, Ireland.

Chapter 4 i s writt enleogesgraphiccoatols sndhei pt ent i t |
distribution and sedimentological character of theRapitan iron formation, northwest
Canadad (t o b etoPseosambmiant Geaody It uses a several stratigraphic sections, a
large REE+Y dataset, and regional geological observations to explagepgsitional fault and
basin controls on the distribution andclmess of the Rapitan iron formation, as well as provide

a revised stratigraphic correlation scheme for the Rapitan Group.

The coauthors on this manuscript are: Turner, E.C., Department of Earth Sciences,
Laurentian University, Sudbury, Ontario, P3E 2@6¢d Kamber, B.S., Department of Geology,
Trinity College Dublin, Dublin 3, Ireland.

Chapter 5 presents the overall conclusions of the thesis.

Appendix A contains a report written for the Yukon Geological Survey entitled:
fiLithofacies and lithostratigraphic correlation potential of the Rapitan iron formation,
Snake River area (NTS 106F), Yukoa ( P u b | i Yukoa expld2afich and Geology 2011,
K.E. MacFarlane and P.J. Sack (eds.), fL5). It contains preliminary stratigraphic findings and

field obsenations, which are referenced in chapters 3 and 4.

The coauthor of this publication is: Turner, E.C., Department of Earth Sciences,
Laurentian University, Sudbury, ON P3E 2C6.

1.6 Statement of original contributions

The following points outline the origal contributions made in this study:

1) Documents detailed stratigraphy through the Sayunei Formation and Rapitan iron

formation from numerous sites across the Mackenzie and Wernecke Mountains for the first



time; previous studies have not reported this nmaggsured sections nor as much

sedimentological and stratigraphic detail.

2) Provides a large and modern, precise trace element geochemical suite of 46 elements for 94
iron formation samples collected from five different stratigraphic sections, as well as majo

element data for all samples.

3) Provides the first detailed REE+Y characterisation of the Rapitan iron formation using the
full 15-element suite analysed by IBPS, usi ng t hese to character
connectivity with the open ocean and differentiagéenveen chemical and siliciclastic

sedimentation.

4)  Presents the first usage of Mo and U enrichment factors to elucidate the redox state of the

Rapitan basin and establish the depositional basin type.

5) Presents a new depositional model for Neoproterozoidammation in the context of the

trace element geochemistry and partial basin connectivity with the open ocean.

6) Presents the first elemental Re and Mo isotopic data for iron formation, and uses this to

refine the above depositional model.

7) Using Re, Mo isaipes, and the lack of a Eu anomaly to establish an oxic Neoproterozoic

open ocean with a nearodernd®Mo composition.

8) Provides a detailed proposal on a system ofaumd syrsedimentary faults that controlled
the distribution, thickness, and charadgthe Sayunei Formation and Rapitan iron

formation.

9) Establishes a set of criteria for the deposition of thick, herrrathidron formation that

may be useful in exploration in the future

10) Provides the first detailed and comprehensive sedimestaayigraphic, and basin analysis

study of any Neoproterozoic glacial succession in the world.

11) Provides the first defensible correlation scheme for the Rapitan Group.
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Chapter 2: A new depogional model for glaciogenic Neoproterozoic
iron formation: Insights from the chemostratigraphy and basin

configuration of the Rapitan iron formation

2.1 Abstract

Neoproterozoic iron formations record an unusual and apparently final recurrence of this
sediment type after a hiatus of more than one billion years. Despite the unusual environmental
conditions that led to their formation, specifically their association with glaciogenic deposits,
Neoproterozoic iron formations have strongly influenced modelsf t he Pr ecambr i an
surficial evolution and iron formation in general. A suite of kiglality trace element data for 42
samples from the Rapitan iron formation in northwestern Canada were used to reconstruct the
configuration and redox evolution tife Rapitan basin. Complete REE+Y patterns demonstrate
that the Rapitan basin was hydrologically connected to the open ocean, but that local catchments
of an evolved, possibly granitic composition supplied dissolved REE+Y, suggesting partial basin
restrigion. Molybdenum and U systematics are consistent and indicate a partly restricted, or
0sill edbé basin. I n contrast to modern anal ogu:
stratigraphic association with glaciogenic clastic rocks requires i@ tmbe considered in
basinrecastruction. Accordingly, the Rapitan iron formation was deposited through a complex
interplay of processes: during intervals of ice cover, glaeglyrced iron oxyhydroxides were
bacterially reduced to dissolved ferraten, which was subsequently oxidised to ferric iron
following ice withdrawal. During this time, extreme primary productivity in the shallow water
column drove eutrophication at middle water depths and the production of -di¢heeestratified
water column with ferruginous deep water, a thin euxinic wedge at middle depths, and oxic
surface water. Regardless of the basinal redox conditions and depositional constraints, the
absence of a positive Eu anomaly in the Rapitan iron formation suggests thabtiegéan

was fully oxygenated by the Neoproterozoic.
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2.2 Introduction

Neoproterozoic iron formations remain one of the most enigmatic rock types in the
geologic record. Deposited during the last major pulse of Precambrian iron formation, these
depositshae pl ayed a major role in the devel opment
oceanic evolution. Neoproterozoic iron formations mark themmergence of iron formation after
roughly one billion years in which very few were deposited, and have beemnetterfo
represent the termination of the controversi al
observation that little to no iron formation was deposited during the Mesoproterozoic, with the
exception of those in direct association with hydrothermal sites (e.g., Slack et al. 2007),
paired with a shift to heavier sulphur isotopes, led some workers to suggest that the
Mesoproterozoic deep ocean was euxinic (e.g., Canfield 1998; Farquhar et al. 2010), and that the
reappearance of iron formation in tNeoproterozoic records the termination of that condition. In
addition to the absence of iron formation during the Mesoproterozoic, the first series of redox
condition studies of shale basins, using iron speciation (e.g., Shen et al. 2002; 2003; Palllton et
2004), and molybdenum isotopes (Arnold et al. 2004), argued in favour of a euxinic ocean,
although each of these basins has been independently shown to have been restricted from the
open ocean (e.g., Pufahl et al. 2010). Shales deposited in suchdrasihus unlikely to record
openrtmarine conditions. More recent studies that have good spatial and stratigraphic control both
in the latest Paleoproterozoic (Poulton et al. 2010) and in the Neoproterozoic (Canfield et al.
2008; Johnston et al. 2010; ltia. 2010), have shown that limited euxinia existed in shallow,
coastal waters, whereas ferruginous conditions dominated deeper basins. This suggests that a true
6Canfield oceandé, as originally definmed, may |
column more closely resembled the conditions reported in the more recent studies (Poulton and
Canfield 2011). If the Mesoproterozoic ocean was not euxinic, the relative lack of iron formation
during that time requires a new explanation. Kump and Se\f@&0b) suggested that there was
a major change in the composition and flux of hydrothermal vent fluids, whereas Bekker et al.
(2010) observed that the Mesoproterozoic was a time of relatively few mantle plume events.
Neither of these explanations fullydréss why so little iron formation was deposited in an
otherwise ferruginous ocean. Others have proposed that the deposition of Neoproterozoic iron

formation was the result of a Neoproterozoic
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influence on thehemical and biological development of the planet prior to the Cambrian
explosion, including triggering a final pulse of iron formation deposition (Shi#hds and Och
2011).

The universal association of Neoproterozoic iron formation with glacial deposit
attribut ed dEarthintereal hAsded sombé aotkérs to suggest that iron formation
may have been closely associated with glacial episodes throughout the Precambrian (Young
1988; 2002), despite the lack of glacial deposits associated withofrtbe largest
Paleoproterozoic iron formations. In this context, it is important to recall that the overwhelming
majority of Neoproterozoic iron formations are associated with a single glaciation, the Sturtian
glaciation (e.g., Hoffman and Li 2009; Mawthld et al. 2010b). A few iron deposits have poor
age constraints and are believed to be of Marinoan age (e.g., Trompette et al. 1998; Kianian and
Khakzad 2008). Only one is associated with the much later Ediacaran/Gaskiers glaciation
(Pecoits et al. 2008Another common attribute of the Neoproterozoic glaciogenic deposits, and
therefore the iron formations themselves, is their close spatial link with rift basins that are
associated with the initial brealp of Rodinia (Young 1992), which some have sutggewere
the direct cause of the glaciations (Young 2002; Eyles 2008). In summary, due to the conflicting
views on the significance of geochronological and paleoenvironmental data for both the glacial
events and iron formation deposition, the nature ofatetionship between Neoproterozoic iron

formation and glaciation remains largely unresolved.

A surprising concern is that in spite of the numerous outstanding questions that remain
about the geodynamic, chemical, and oceanic constraints on Neoprot&mzdocmations,
modified versions of the early depositional models for Neoproterozoic iron formation, such as
that of Klein and Beukes (1993), continue to be applied to Archean iron formation (e.g., Beukes
and Klein 1992). As a consequence, the geolbgigalications of past studies of Neoproterozoic
iron formation may far exceed the direct significance of the rocks themselves.

Specialised chemical and isotopic data extracted from Neoproterozoic iron formation are
widely used in reconstructions oftherEe h 6 s sur fi ci al evoluti on,
are poorly understood compared to their older counterparts (e.g., Frei et al. 2009; Konhauser et

al. 2009; Planavsky et al. 2010b). One of the core reasons for this lack of understanding is the
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relative paucity of comprehensive geochemical data for the Neoproterozic iron formations.
Previous geochemical studies (e.g., Klein and Beukes 1993; Lottermoser and Ashley 2000; Klein
and Ladeira 2004), were limited by the quality of the trace elementvhitalde. Because of the

use of instrumental neutron activation analysis (INAA) in previous studies, only limited trace
element datasets were obtained. The inability of this technique to measure many different trace
elements, most notably the meisotopicrare earth elements (REE), has hitherto precluded an
in-depth analysis of the marine chemistry controlling the deposition of the iron formation. With
the advent of improved quadrupole K&#5 techniques that allow for the precise analysis of

suites of moreéhan 40 trace elements, including all of the REE, it is crucial to revisit the
geochemistry of Neoproterozoic iron formations to properly understand the geochemical and

oceanographic conditions that influenced their deposition.

This study addresses theg®an iron formation, one of the most prominent and
archetypical Neoproterozoic iron formations, using the REE, with the addition of yttrium, to
assess the general chemical nature of the basin. The redox evolution and configuration of the
basin are intergted using recent advances in understanding the behaviour ofsexkikve
trace metals, such as Mo and U, in modern basins. A proper understanding of the Rapitan iron
formationbés depositional basin, asnssl|l as th

critical to using these deposits to model the evolution of Eantface environments.

2.3 Geological Setting

The Rapitan Group (lower Windermere Supergroup) is exposed in the northern Canadian
Cordillera, in the Northwest Territories and Yukong(F2.1). In the Mackenzie Mountains, the
Windermere Supergroup consists of the basal Coates Lake Group, the Rapitan Group, the Hay
Creek Group (Yeo 1978; James et al. 2001), and several ungrouped late Neoproterozoic
formations (Aitken 1989; Narbonne andlkén 1995) (Fig2.2). In Yukon, the Coates Lake
Group is absent, and the Rapitan Group lies directly on strata of the early Neoproterozoic
Mackenzie Mountains supergroup. This thick-6-km) succession consists of shallovarine
carbonate rocks, fluvialuartz arenite, marine siltstone and minor shale, and evaporite rocks

(Long et al. 2008).
22



The Rapitan Group is underlain by the Coates Lake Group in the Redstone River
Mountain River region of the Mackenzie Mountains, and by the Little Dal Group Binlee
River region of the Northwest Territories and Yukon (Yeo 1981) R). Both the Coates Lake
and Rapitan groups were deposited in extensional settings associated with the initial rifting of the
supercontinent Rodinia (Young 1992), and thereagallevidence for a slight angular
unconformity between the two groups, as well as within the Rapitan Group (Helmstaedt et al.
1979). The sedimentological evidence of pronounced lateral thickness and lithofacies, combined
with the observed angular unconfaties indicate that these groups were deposited on an
actively rifting margin, which would have generated fault grabens, promoted basin restriction,
and possibly caused glaciation (Eyles 2008; Young 2002). The Coates Lake Group consists of the
ALi ttbhhas alatlo, the Thundercl oud, Redstone River
hosted copper deposits are associated with the Redstone(®ippercap contact (e.g., Rose et
al. 1986; Jefferson and Ruelle 1987; Jefferson and Parrish 1989; NarbonnékandlL895).
The stratigraphic affiliation of the Coates Lake Group has been the subject of dispute: some
authors suggest that it belongs to neither the Mackenzie Mountains supergroup nor the
Windermere Supergroup (Jefferson and Parrish 1989). The cuoresdrsus, however, is that it
represents the basal Windermere Supergroup (e.g., Narbonne and Aitken 1995; Long et al. 2008).
Overlying the Rapitan Group in the Redstone River region gFd\) is the Hay Creek Group
(Yeo 1978; James et al. 2001), the lowest formation of which is the Twitya Formation, which
contains diseshaped impressions that are purported to be the oldest documented physical
evidence of metazoans (Hofmann et al. 1990). The Hay Creek Group is conformably overlain by
several ungroupeafmations of the upper Windermere Supergroup, which extends through to
the lower Cambrian (Aitken 1989). In the Snake River region @IdB), the Rapitan Group is
unconformably overlain by the lower Paleozoic Franklin Mountain and Mount Kindle

formations

The Rapitan Group was established by Green and Godwin (1963) for a succession of
diamictite and iron formation, although the presence of iron formation in the Snake River region
had been known as early as the Yukon gold rush (Keele 1906), and waseidatsiéwhere in
the Mackenzie Mountains soon after (Keele 1910). Siliciclastic rocks associated with the iron

formation were first interpreted to be of glaciogenic origin by Ziegler (1959), a conclusion that
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was later confirmed by other authors (e.g.pBcher 1976; 1978; 1981a; 1981b; 1985; Young
1976; Yeo 1981). The stratigraphy of the Rapitan Group was studied extensively by Eisbacher
(1978), who established type sections for the Sayunei and Shezal formations in the Redstone
River region. The SayunepFmation consists of dark red to maroon, degper, finegrained
turbidites, locally capped by thin jaspilitic iron formation in the Redstone River area, and is
overlain by green, grey or tan diamictite of the Shezal Formation (Eisbacher 1978; Yedr1981).
the Snake River region, the iron formation is significantly thicker (up to 120 m), and was the
target of extensive exploration for iron ore in the 1960s (Stuart 1963). The stratigraphic position
of the iron formation in this region is the subject of saiispute. Klein and Beukes (1993)
contend that it is at the top of the Sayunei Formation, as is the case to the southeast in the
Redstone Plateau area, whereas Yeo (1981) placed it in the lowermost Shezal Formation.
Diamictite of theaeriallylimited Mourt Berg Formation underlies the Sayunei Formation only in

the southernmost part of the Rapitan exposure area (Eisbacher 1978; Yeo 1981).

A granitic dropstone from the lower Sayunei Formation yieldedRbircon age of
755° 18 Ma, providing a maximum deptienal age for the Rapitan Group (Ross and Villeneuve
1997). Macdonald et al. (2010a) obtained-BtJzircon age of 716.40.24 Ma from a felsic tuff
interbedded with the possibly equivalent upper Mount Harper Group of the central Ogilvie
Mountains, wester Yukon (Yeo 1981), which was interpreted to imply that volcanism and iron
formation were coeval within the larger basinal context. These ages are consistent with the
estimated age of the Sturtian glaciation, the oldest of the major glacial episodemstedsaith
the fisnowball 6 Earth hypothesis (e.g., Kirsch
affiliation of the Rapitan Group is indirectly supported by the presence of another Neoproterozoic
glaciogenic unit higher in the Windermere Supergroup)¢k Brook Formation, which is
attributed to the Marinoan glacial event (Aitken 1991a; 1991b; James et al. 2001).

2.4 Stratigraphy

A detailed stratigraphic section of the Rapitan iron formation was measured near the

Cranswick River, Northwest Territori€Big. 2.3). This easternmost exposure of the Snake River
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deposit of the Rapitan iron formation (65A12.
30 metres of hemati@sper iron formation. Most of this deposit (called the Crest or Snake River
deposi) is located in Yukon. Good exposure in the NWT is limited to a series of incised canyons

along the mountainsides east of the Cranswick River, one of which contains a complete exposure

of the iron formation, as well as variable exposure of the uaaeloverlying clastic, glaciogenic

rocks.

Attempts to use the ireformation textural classification scheme of Beukes and Gutzmer
(2008) proved ineffective. Rapitan iron formation lithofacies are best referred to as hematite
jasper felutite (Nicolas J. Beukggers. comm., 2010). Here, however, a Ragsaecific
classification scheme is used. The iron formation rocks are generally either layered jasper and
hematite (i.e., BIF) or nodular iron formation, which consists of massive hematite and sub
spherical teelongate, zoned jasper nodules (RigA, B). The most elongate of the nodules have
been referred to as O0lenticlesd (Yeo 1981) or
may be of either sydepositional or very early diagenetic origin (R2giC). These two types of
iron formation are enthembers, and most units are transitional between the two; each unit is
classified according to whether beds or nodules are the dominant form of jasper. The term
Ojasper6 i s quite seRapitanthertfs exhibitta boasglerable @my& is iron b e ¢ .

content, and vary in colour from yellearange to purple.

The iron formation is underlain by a polymictic, claspported, chann4ill
conglomerate containing predominantly carbonate and quartzeactasts derived from the
underlying Mackenzie Mountains supergroup, as well as scattered basaltic clasts of uncertain
provenance. Clasts are peblie cobblegrade, and rare boulders are present. The intergranular
space contains carbonate cement antlesea quartz sand grains. The conglomerate has variable
lateral thickness and continuity, and is hosted in a friable6tstpurple intermediate
diamictite with clast lithologies that are similar to those of the conglomerate. The contact
between theonglomerate/diamictite and the iron formation is in a thin covered interval, above
which is a twemetrethick succession of siltstone and sandy siltstone. These clastic layers are

hematitecemented and contain scattered dropstones, predominantly of a@rlsomposition,
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weak normal grading, and faint crassdding. Similar units recur throughout the iron formation,
but are rarely more than a few tens of centimetres thick.

Above the basal clastic interval, the iron formation consists of variably interdb&I8e
and nodular iron formation units. Continuous jasper beds are common in nodular units,
particularly in the thicker intervals of this rock type. Ubiquitous dropstones are typically of
carbonate composition, and generally deform oryctn of underlyig iron formation, if any
(Fig. 24D). Some iron formation intervals are very dropstdol, containing more than 70%
dropstones of mixed composition (mostly carbonate) in a predominantly hematitic matrix, with
dropstone grain sizes ranging from granutelatge pebbles (this lithofacies is here referred to as
6dr oprsitoomel F6). The iron formation contains ir
slump folds. Slump folds are most conspicuous in the vicinity of a large slump scar that is
between fJand 10 metres above the base of the iron formation. The surfaceot®ssp to 3
metres of strata and is associated with considerable reworking and folding in its lateral
equivalents. A few intervals in the main measured section are extensively revenidethat
they no longer resemble typical iron formation, and the primary relationships between the folded
and disjointed jasper beds, hematite beds, and jasper nodules are not clearly discernible; these

units are referred to as O6sl umped or rewor ked

The relative ratio of BIF to nodular iron formation increases in the uppermost 15 metres
of the iron formation, although nodular iron formation remains abundant, as do nodular layers in
the BIF. Unlike the lower part of the section, the upper part ortimeformation contains jasper
nodules in jasper beds; these nodules are generally not zoned, and commonly have a fairly subtle
colour difference from the host jasper. Consequently, although these units are referred to as
bedded jasper, or BIF, units, asstg case can be made for their classification as nodular iron
formation, because a far greater proportion of the jasper is in the nodules than in the bands (Fig.
24E). The uppermost jasper bed, at the contact between the iron formation and overlying
diamictite, contains greenisian chert nodules in a jasper matrix; this is the onlyjasepilitic
chert in the section (Fi@.4F).

Overlying the iron formation are at least 15 metres of texturally and compositionally

variable diamictite. These are dominabgdgreygreen to tan, carbonatih, sandy clastich
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pebble diamictite, commonly with a fissile, scaly weathering style that is typical of Shezal
Formation diamictite. The exception to this is a roughly-taetrethick unit of weltindurated

red diamictie containing abundant jasper clasts, many of which show evidence of
resedimentation prior to lithification. Some elongate clasts are vertically oriented, which may be
evidence of either rapid sedimentation or reworking of locally derived iron formatasedBn

the sedimentological evidence offered by the siliciclastic rocks that-emigoverlie the iron
formation at this site, the stratigraphic position of the iron formation is entirely within the Shezal

Formation, as per Yeo (1981), but further wizrkeeded in the area to confirm this.

2.5Methods

Forty-two jasper samples were analysed for major and trace element geochemistry.
Following the procedures outlined by Baldwin et al. (2011) and Ulrich et al. (2009), exploratory
LA-ICP-MS analyses were germed on both jasper bands and nodules to screen for
homogeneity. Jasper bands are highly homogeneous, whereas the nodules exhibit both concentric
and discordant chemical zoning, and were therefore considered less suitable for the purpose of
this study.Furthermore, because the nodules are undoubtedly of an early diagenetic origin, they
probably do not record true basinal seawater conditions. It has been suggested that chert beds in
iron formations containing ferrous iron species, such as siderite ancktitegcould also be
diagenetic in origin (Fischer and Knoll 2009), but this idea has not been extended to hematite

jasper iron formations.

Trace elements were analysed by quadrupoleNtSPat Laurentian University, following
the digestion methods of Batyrik et al. (2010) and Baldwin et al. (2011), and a mass
spectrometric approach similar to that of Eggins et al. (1997), using modifications reported in
Kamber (2009) and Babechuk et al. (2010). Element concentrations were externally calibrated
using multple solutions of the USGS standard2NThe international rock standards-dAJB-2,
and IFG were analysed as unknowns and compared to the laboratosiefomgeproducibility
(e.g., Kamber 2009). Weight percent major element oxides were measured ubiad) tKiR
Ontario GeolLabs for 20 samples, and by-Ig8 for the remaining 22 samples at Laurentian
University. Samples measured by KOS lack data for Si@and LOI due to the digestion

27



methods used. More detail about methods, full data tables, and fejated are available in

supplementary materials.

2.6 Results

2.6.1REE+Y systematics

There is a surprising lack of modern highality chemical data, especially the REE+Y,
for Neoproterozoic chemical sediments (including iron formation), which contvékta rich
literature on comparable Archean and Paletgyozoic materials. This is unfortunate, because
the behaviour of the rare earth elements and yttrium (REE+Y) in modern seawater is well
understood. Depletion of the light rare earth elements (LR&&ive to the heavy rare earth
elements (HREE), superchondritic Y/Ho ratios, and positive anomalies of both La and Gd are all
characteristic of modern seawater (e.g., Zhang and Nozaki 1996), and have been reported for
hydrogenous sediments from the entjeological record (e.g., Bau and Dulski 1996; Nothdurft
et al. 2004; Alexander et al. 2008; Planavsky et al. 2010a), which points to the extreme antiquity
of the hydrological cycle (Kamber 2010). Although some authors have contended that the REE
compositon of seawater has changed significantly over time (e.g., Picard et al. 2002), others
point out that these reported changes in the marine REE budget are an artefact of using marine
phosphates as a seawater proxy, which inherently fractionate the RE&Bnfitment seawater
compositions (Shields and Webb 2004). There is little doubt that changes in the overall slope of
the normalised REE pattern and the size of the Y, La and Gd anomalies may have changed over
time (Kamber 2010) but the only substantial terapdeviations exist for the redesensitive Ce
and Eu (as explained below). The remarkable similarity of the REE patterns in modern seawater
and normal marine hydrogenous rocks from throughout time ZI5@G) is interpreted to reflect
the extreme antiquitof the marine REE cycle. The diagnostic features of the marine REE pattern
have been demonstrated to be generated during the introduction of dissolved REE+Y from
riverine sources into the ocean. In an estuary, LREE are more readily removed by adhesion to
organometallic complexes than are the HREE, Y, La and Gd (Elderfield et al. 1990; Lawrence
and Kamber 2006). It is noteworthy that seawatpe REE patterns can form in saline aquifers
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(Johannesson et al. 2006), but such a setting clearly does not@apetiiment of proven marine

origin. In addition to these features, europium (Eu) and cerium (Ce) are critical tools for
understanding Precambrian seawater because they deviate from normal trivalent REE behaviour.
Europium can be used as a proxy for thetgbution of hydrothermal fluids to ocean water, due

to the large positive Eu anomalies of modern kaghperature hydrothermal fluids (e.g., Bau and
Dulski 1999). The presence of positive Eu anomalies even in shafdgr Paleoproterozoic iron
formationand microbial carbonate strongly suggests {disgance transport of Elthrough an

anoxic ocean (e.g., Derry and Jacobsen 1990). Due to differences in particle adhesion between
Ce* and the oxidised ion ¢& the Ce anomaly is a common proxy for ocegaileoredox

conditions. This behaviour typically results in negative Ce anomalies in oxidised seawater, but
excess Ce in anoxic water below a chemocline (e.g., Ohta et al. 1999; Kato et al. 2006; Planavsky
et al. 2010a). In summary, proper assessment &HEystematics is an important starting

point when examining any hydrogenous sedimentary rock.

In this study, REE plus yttrium data were normalised to uppetinentalcrust using the
modern alluvial sediment average MuQ (Mud from Queensland, Kamakr2@05), which was
produced with the same analytical protocol as the present study. Normalised data were initially
screened for patterns demonstrating the two most diagnostic features of seawater REE+Y
patterns: LREE depletion and a superchondritic Yratm (Y/Ho>26). Most of the dataset (n =
33) exhibits these characteristics, but nine samples deviated from typical marine patterns (Fig.
25A, B). Of these nine samples, seven produced REE+Y patterns that were distinct from typical
seawater in their ovall shape or slope, and two demonstrated significantly greater LREE
depletion than is expected for seawater: in the latter two samples the HREE were enriched by
more than two orders of magnitude relative to the LREE, whereas the HREE are typically
enrichedby approximately one order of magnitude in the rest of the datase? 8j. A basic
assessment of other diagnostic trace element concentrations, such as Th, showed that these two
samples were strongly influenced by a #igiirogenous source, and sordu reflect seawater

chemistry, despite some similarities.

The patterns that do not reflect pure, hydrogenous chert (se&3&gfor examples) have

limited use for reconstructing basin water chemistry. The nine samples may be influenced either
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by elevaed phosphate mineral contents, which can causérivatent fractionation of the

otherwise noranomalous REE, by detrital material whose trace element budget overwhelms the
chert,or by late, lowtemperature hydrothermal veins (primarily calcite). In vadhe relative
uniformity of all of the other patterns, no further effort was made to understand the nine

incongruent patterns and these samples are excluded from further discussion.

Cerium can be an interesting and direct window into the paleoredadxioos of the
depositional basin in which a chemocline existed, and in which particle transport involved Mn
oxy-hydroxides. Much like other REE studies of Neoproterozoic iron formation (e.g., Klein and
Beukes 1993; Lottermoser and Ashley 2000; Klein aadeira 2004; Kato et al. 2006), the new
data show that the Rapitan iron formation displays only limited variability in Ce/Ce* (see
Lawrence et al. 2006 for formula), with values ranging from 0.8 to 1.07 for 33 samples, 19 of
which fall between 0.95 and BQindicating the absence of a significant Ce anomaly. Of the
remaining 14 samples, seven fall between 0.8 and 0.95, and seven are between 1.05 and 1.07,
demonstrating that the majority of the dataset (n=26) has either nticslyisignificant Ce
anomdy or a very small negative anomaly. This suggests that seawater conditions were anoxic to
very weakly oxic with respect to Ce. It is also critical to note the absence of a positive Ce
anomaly. Planavsky et al. (2010a) demonstrated a tendency for soealéiproterozoic iron
formations (e.g., Gunflint iron formation) to produce flat to positive Ce anomalies. They
interpreted this tendency to reflect a Mdarticle shuttle across a redoxcline. Below such a
redoxcline, Mn particles dissolve and*Gavhichwas preferentially scavenged relative to the
trivalent REE from the oxidised upper water column, was released, thereby producing-an over
abundance of Ce below the redoxcline. This can result in pronounced positive Ce anomalies in
BIF deposited in such setys. The absence of any meaningful positive Ce anomaly in the new
Rapitan data suggests that any particulate shuttle in the Rapitan basin was not dominated by Mn
oxides, and was probably defined by an iron shuttle and redoxcline, similar to that sufygested

Archean and early Paleoproterozoic iron formations (Planavsky et al. 2010a).

Despite its origin from highemperature hydrothermal vent fluids, a Eu anomaly is
common in most Archean and Paleoproterozoic hydrogenous sediments, including iron formatio

and shallowwater microbial carbonate. This characteristic has led to oceanic circulation models
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that involve a sufficiently anoxic ocean to allow for the lafistance transport of E{j and

therefore F&, from its most important source, vent systetoagmidocean ridges (Derry and
Jacobsen 1990; Isley 1995). An alternative explanation is the proposed relationship of iron
formation deposition and mantle plume events (e.g., Isley and Abbott 1999; Bekker et al. 2010);
unusually large volumes of hydrotineally-sourced Eu and Fe are postulated to have been
released into the ocean during such events. The lack of a positive Eu anomaly in the majority of
samples studied here is clearly inconsistent with these models for iron formation genesis and with
the souce of the iron. Only two samples have Eu/Eu* values above 1.1, whereas the bulk of the
dataset (n=25) has Eu/Eu* values of 1.0 or less. This consistent lack of a Eu anomaly is
significant and imposes strong constraints on depositional models. In kisintplest

explanation for the missing Eu anomaly is that the open ocean was sufficiently oxygenated in the
Neoproterozoic that londistance transport of Eu was inhibited througkpoecipitation with Fe

oxide phases (Bau and Dulski 1999). The only pldaslternative explanation is that the basin

was almost completely isolated from the open ocean, meaning that its sediment would be
inappropriate for reconstructing global oceanic conditions, or inferring a global sheeticd.sea

Both of these explanains are incompatible with a hydrothermal iron source for the Rapitan iron
formation, because hydrothermafFand the positive Eu anomaly are cogenetic features in iron

formation.

The new Rapitan data express three of the most common and meaningful REE+Y
features: HREEenrichment, a positive Gd anomaly, and a Y anomaly (expressed as Y/Ho).
HREE-enrichment, indicated by a positive overall slope in the REE+Y pattern, is best calculated
as the Ryw/Ybgy ratio, because these are the lightest and heaviestigmat behave in a
manner that is strictly determined by ionic radius (La, Ce, and possibly Lu behave differently in
marine systems). Hydrogenous sediment precipitated from normal seawater should demonstrate
very low Pgen/Ybsy ratios, because Yb shoutdive a much greater normalised abundance than
Pr. The samples studied here show a fairly tight range of very lgWBgy ratios (~0.050.2),
indicating strong enrichment of the HREE relative to the LREE. Similarly, superchondritic Y/Ho
ratios are a ubiqgtous feature in such rocks, with any values greater than Y/Ho=26 considered
indicative of quantifiable hydrogenous influence on a detrital REE pattern. The new data show a

fairly wide range of superchondritic values, ranging from 29.9 to 42.5, as welb#igely
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variable but consistently positive Gd anomalies (Gd/Gd*=-1.09). All three of these features

(low Prsy/Ybsy ratios, superchondritic Y/Ho ratios, and positive Gd anomalies) are hallmarks of
normal marine seawater, and despite their individaghbility, suggest that the Rapitan basin

must have been connected to the open ocean, an assertion further reinforced by the reasonably
strong positive correlation between the Y/Ho ratio and the Gd/Gd* vafize8.{2; Fig.2.6A).

The rather large bugtrongly correlated range of these values, particularly the Y/Ho ratio, points
to some variability either in the degree of clastic contamination or in the basin water chemistry.
The most common mechanism for causing such ranges is dilution of the sesigvesteire by

detrital material such as clay minerals (e.g., Baldwin et al. 2011). The flatreiratalised REE
patterns of clays and their much higher overall REE concentrations (relative to hydrogenous
sediments), combine to dilute recorded seawater alesnsuch as Y/Ho ratios, even with as

little as £2% by weight clastic contamination. This can be easily addressed, however, by plotting
the Y/Ho ratios against the concentration of an immobile lithophile element, such as Al (Fig.
2.6B). The complete tk of a relationship between the Y/Ho ratio and Al, as well as several

other immobile elements (e.qg., Ti, Th, Ga) indicates that the documented variability in the Y/Ho
ratio is not a function of the amount of detrital input. The variation was therefdralpydhe

result of variable water chemistry (over the duration of the Rapitan deposition) caused by
moderate but variable degrees of basin restriction, in which the basin had sufficient connectivity
with the open ocean to maintain a strong correlatiowdes Y/Ho and Gd/Gd*, while

simultaneously being restricted enough to allow for considerable variability in the same values.

Neither the Y/Ho ratio nor the Gd anomaly correlates clearly with the Eu anomaly (Fig.
2.7A, B). Instead, there are two weakly dped trends of inverse correlation, but no well
defined trend exists for the entire dataset. The few samples that have more elevated Eu anomalies
show smaller Gd anomalies and relatively low Y/Ho ratios, indicating that the few positive Eu
anomalies prest are not of an opanarine origin. Furthermore, the samples with the largest
positive Eu anomalies contain elevated concentrations of Al relative to the bulk of the dataset
(Fig. 2.7C). This suggests that the largest positive Eu anomalies resulteth&anput of older
detrital material that was owenriched in Eu (e.g., feldspar), which is consistent with the
observations of Klein and Beukes (1993) that positive Eu anomalies were only present in samples

containing volcaniclastic detritus. Naturalhgt all samples with elevated Al also demonstrated
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positive Eu anomalies, because not all of the detrital material supplied would have been-from Eu
rich phases, and indeed the samples with the highest Al have Eu/Eu* values that are consistent
with the majoity of the sample suite, indicating that most detrital input was frofpdgu clay
minerals. Therefore, regardless of whether an gpanne signal was modified in the Rapitan

basin by a more local water mass, the lack of positive Eu anomalies in tHesantip the

highest Y/Ho and strongest positive Gd anomalies constitutes firm evidence that the

Neoproterozoic ocean no longer had a positive Eu anomaly.

The final REE+Y feature associated with seawater is a positive La anomaly. Lanthanum
is fractionatedrom its neighbouring REE because of its emptp#fital, which limits adhesion
to particles during the introduction of dissolved REE from freshwater into the marine system
(Bau 1996; 1999), thereby causing it to be estetiched in seawater, and in hgdenous
precipitates that form in equilibrium with seawater (e.g., Bolhar et al. 2004). Samples from the
Rapitan iron formation, however, do not consistently produce positive La anomalies. The
surprising finding is that several samples (n=8) have La/Lhafegaof less than one, or in other
words, slightly negative La anomalies (F28). This is clear evidence for an artefact of
normalisation, because there are no known processes that can negatively fractionate La from the
other LREE. When a water bodyuader the influence of a local, very LREriched source,
normalisation to average upper crust may not show a La anomaly (Kamber et al. 2004). This is in
part because the MuQ upper continental crust composite is from a drainage that samples heavily
from an intra-plate basalt province, and is not especially enriched in the LREE, and thus
normalisation to a local granitic source may be more appropriate for the Rapitan basin. The
drainage area of the Rapitan basin is poorly constrained, but to explorestmiposf a
granitic catchment, the data were normalised to the USGS granite standagd G#pulled all
of the La/La* values above one (La/La*= 1-03%5) (Fig.2.8), thereby eliminating the seemingly
negative La anomalies that had been producetbbyal crustal normalisation. This solution
suggests that a local source of roughly granitic composition may have contributed dissolved REE
i nto the Rapitan basin. This possibility is
in the lower Saynei Formation (Ross and Villeneuve 1997), as well as the abundance of quartz
arenite in the Katherine Group of the lower Mackenzie Mountains supergroup (e.g., Long et al.

2008), which was probably produced by the weathering of granitoid rocks on thea®anad
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Shield and Grenville Province to the east. The quartz arenite was probably the main source of
quartzrich clastic material in the glaciogenic deposits of the Sayunei and Shezal formations, and
its subglacial weathering would probably have introducigghificant amounts of La into the

basin. The influence of a local granitic input is most pronounced in La because in the chert it is

the relatively most depleted REE, whereas in the granite, it is the relatively most enriched REE.

The combined analysis tie various REE+Y features suggests that the Rapitan iron
formation formed in a basin that received dissolved REE both from the open ocean as well as
from local drainage. These two seemingly diametric oceanographic conditions can coexist in
partiallyrest i ct ed basins. Such partially restricted
reference to a subaqueous topographic high that restricts water exchange with the open ocean,
while also allowing moderate exchange across shallow water depths.

2.6.2Mo-U systematics

Two of the most useful features in diagnosing different basin types are the redox
conditions and stratification of the water column. These phenomena leave distinctive
geochemical signatures in the sediment, which can be used to aid indgasistruction. Many
of the transition metals have multiple redox states and record oceanic and diagenetic conditions
(e.g., Tribovillard et al. 2006). Among the most useful resemsitive metals are molybdenum
and uranium. Both of these metals exhibingervative behaviour in modern seawater and have
very long residence times. Unlike some other redox proxies, both Mo and U are evenly
distributed throughout the open ocean relative to both area and depth, making them more
practical tools than many other taks. Molybdenum and U are strongly oxesriched in
seawater relative to their crustal abundances; Mo is the most abundant transition metal in the
modern oxygenated ocean (Algeo and Maynard 2008), but its estimated concentration in the

ocean changed sidgimmantly over the course of the Precambrian (Scott et al. 2008).

Molybdenum is soluble in oxic conditions as the molybdate ion, ¥lp®hich is slowly
removed from seawater through scavenging bydides. Under euxinic conditions it can form
thiomolybdde (MoQS4,>; x=0-3), which is highly particleeactive and is scrubbed from the
water column at much greater rates though adsorption orgalpleides, Fe and Maxides,

organic material, and clay minerals (Algeo and Tribovillard 2009). Alternativetyay form Fe
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Mo-S complexes similar to mackinawite under conditions with moderately low dissof$ed H
These complexes then adhere to larger particles (Helz et al. 2011). Either of these two Mo
fixation methods requires the presence g lih the water damn, and thus at least mildly

euxinic conditions. Uranium, in contrast, exists in oxic seawater as highly soluble uranyl
carbonate (UG(COs);"), and is reduced to lessluble Uoxides (e.g., UQ UsO;, and WOs)

under anoxic conditions (Algeo and Tribkkard 2009; and refs. therein). These moeduced U
species are removed from the water column by direct transfer across the sedianater

interface and attendant precipitation or slow adsorption, a process quite distinct from those
affecting Mo. Besies their preferred fixation mechanisms, each of these metals reacts under
different redox conditions: U is fixed under all anoxic conditions, completely independent of the
presence of dissolved sulphide, whereas Mo requires at least mildly euxingu(pbiglic)

conditions (Morford and Emerson 1999; Morford et al. 2005; Tribovillard et al. 2006; Algeo and
Maynard 2008; Algeo and Tribovillard 2009). The characteristic redox pathways make the
enrichment of these two metals relative to one another arlentcgéochemical tool in basin

analysis.

Although most of the systematics for the redox behaviour of Mo and U have been worked
out using a combination of modern reegensitive basins and Paleozoic shales, the basic
principles of their behaviour should binilar for iron formation environments. Due in large part
to the limited number of modern analogues for an-rion basin (e.g., Crowe et al. 2008Db;

Mikucki et al. 2009), the behaviour of these metals must be extrapolated from these other, better
undersood systems. Although several factors may directly influence their fixation rates, chiefly
the generation of large volumes of iron exydroxides (Tribovillard et al. 2006), our working
hypothesis is that, the behaviour, and more importantly the retaties of the deposited metals,
would not be significantly affected.

The role of Mn and Fe oxlgydroxides in the fixation of Mo is fairly well documented
(e.g., Algeo and Tribovillard 2009; Goldberg et al. 2009). Due to the ability ebhttes, and to
amuch lesser degree, fe&ides, to scavenge the molybdate ion from oxic seawater, a strong
relationship between these metals, especially in iron formation, may indicate Mo enrichment
without euxinic conditions; a strong correlation would suggest that sede@e deposition
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controlled Mo fixation rather than changes in the redox conditions of the basin. The lack of any
strong correlation between Mo and,®g (Fig. 2.9A), across the full range of compositions,
demonstrates that iron deposition rates wereanimiting factor in Mo enrichment, although the
development of a correlation in midnge concentrations of both Mo and®gsuggests that an

iron particulate shuttle was an important but not limiting factor. Furthermore, Mo shows no
correlation with MnQ(Fig. 2.9B), essentially eliminating the possibility of a particulate shuttle
that fixed Mo as molybdate, and that some frg® Was needed to drive Mo fixation. Although it
could be argued that a Moxide was still the driving factor in Mo shuttling assoa redoxcline
through subsequent Mieduction, dissolution, and Mo release in anoxic bottom waters (e.g.,
Algeo and Tribovillard 2009), such a possibility can be eliminated because of the absence of a
positive Ce anomaly, as discussed above. The highiviéaof Mo-S compounds allows easy
adhesion to clay particles, organic material, or even amorphous silica colloids, as well as to the
more widely discussed Fexides. All of these, in varying amounts, would have been significant
components of any parteeshuttle operating during the deposition of the Rapitan iron formation.

One of the limitations commonly faced when using reslemsitive trace metals as
paleoredox proxies is that detrital sediment supplied to the basin can mask the concentrations
contained in authigenic phases. Several approaches have been employed to address this issue,
most commonly the normalisation of the metal of interest to Al, expressed as the [metal]/Al ratios
(e.g., Morford and Emerson 1999; Lyons et al. 2003; Cruse and P@&4s Tribovillard et al.
2004). The same approach has also been applied using other immobile trace elements, such as Th
(e.g., Meyer et al. 2008; Pollack et al. 2009). Such straightforward correction fails to illustrate
properly the true degree of authige enrichment in many sediments (Van der Weijden 2002).
For example, although Th is of great utility when assessing U, due to their strong relationship, it
becomes ineffective when comparing the enrichment of U to a metal with dissimilar behaviour,
such @ Mo, thus necessitating the use of an element whose behaviour differs from that of both
Mo and U. Simple Al normalisation can also produce inaccuracies if the sediment contains a very
small detrital component or exceedingly low Al concentrations reladiogher immobile
elements, such as Ti (e.g., Tribovillard et al. 2006). An alternative approach is double
normalisation to a shale standard and an immobile element (e.g., Van der Weijden 2002; Meyer
et al. 2008; Algeo and Tribovillard 2009). Such an appinocan establish the degree of
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enrichment over <crust al averages, expressed
example, by Algeo and Tribovillard (2009). These calculations most commonly use Al as the
detrital proxy, and the Pegtrchean Awstralian Shale (PAAS) of Taylor and McLennan (1985) as

the shale standard. The standard used in the present work is MuQ (Kamber et al. 2005), because
it, unlike shale, provides an uppewustal average that has not been influenced by diagenesis. The
original alluvial sediment dataset from which MuQ was calculated lacks Mo data, but this has
been supplemented with a much larger, new dataset for similar alluvial sediment, with an average
Mo content of 485.3 ppb from Marx and Kamber (2010). Aluminum is usttegsoxy for the

detrital component because it demonstrates a hyperbolic correlation with both Mo and U,
whereas other immobile elements (e.g., Sc, Ti, Ga, Zr, Nb, Th) were less consistent in this regard.
Several of the other possible normalisers wejexted for reasons such as strong correlations

with U, but not Mo (Zr, Th), unusually high Nb/Ta ratios, and commensurately strong

correlations between Ti and both Nb and Ta, suggesting that these three elements are controlled
by the same mineral phaseghis depositional environment. Both U and Mo show weak
relationships with loss on ignition (when available), indicating that neither is strongly related to
low-Al phases such as carbonate or organic carbon, which also addresses the concerns expressed

by Van der Weijden (2002) regarding Al normalisations.

The enrichment factors of several metals are plotted against stratigraphy inZi§ure
Each of these metals (Mo, U, W) shows distinct stratigraphic variation relative to the others. Mo
and U do not she strong covariance with respect to stratigraphy, and U enrichment, although
somewhat variable, averages to a fairly constant low enrichment throughout the section. This is to
be expected, because U is removed from the vealemn at steady rates undepait
conditions, and would show sustained changes in its authigenic enrichment only during intervals
of oxia. Therefore, it can be inferred that anoxic botteater prevailed for the duration of iron
formation deposition. Molybdenum is most strongly erettin the lowermost and uppermost
parts of the iron formation stratigraphy. This distribution indicates sulphidic (euxinic) conditions
were present in the water column during deposition of strata at the base and top of the iron
formation, but were absentidng the middle of the depositional interval, where Mo enrichment

is closer to presumed background levels.
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The aqueous behaviour of W under reducing conditions is poorly understood
(Johannesson et al. 2000; Seiler et al. 2005), but its systematicsindiesl Rapitan section are
included here to show that it demonstrates transitional behaviour between Mo and U. The
relationship between Mo and W in numerous other systems, including microbiology, is well
documented (Kletzin and Adams 1996; Arnérsson askh€sson 2007). The biogeochemical
behaviour of these elements is also known to be somewhat similar to that of V, another redox
sensitive trace metal (Johannesson et al. 2000). Under oxic conditions, W behaves very much like
Mo, but it does not react witH,S under euxinic conditions (Arndrsson and Oskarsson 2007).
This apparent resistance to forming sulphides, despite the similarity of the valence states of W
and Mo, may help to explain why the stratigraphic distribution of W enrichment is transitional
betwveen that of Mo and U. Caution must be used in applying this insight, however, until the

agueous redox behaviour of this metal is better constrained.

The distinct redox behaviours of Mo and U makes plotting these two elements against one
another of greattility for evaluating basinal redox conditions and basin configuration. This can
be done most effectively using their enrichment factors @id.). The relatively tight clustering
and weltdeveloped trend demonstrates the effectiveness of this appasactmpared to plots of
absolute Mo vs. U concentration, which show considerable scatter in a breadafsed array.
The trend formed by the enrichment factors rises with a steep slope from the origin with
relatively little deviation. Many other redesensitive elements, including W, Ni, Co, Sb, and Pb,
are similarly correlated with either Mo or U, although V does not correlate with either element
Reconstruction of the Rapitan basin in the following section will focus on the established
correlation betwen Mo and U and the REE+Y systematics, because their behaviour in the

modern setting is well understood.

2.7 Basin Reconstruction

Using Ma:r vs. Ugr covariance plots, Algeo and Tribovillard (2009) were able to
distinguish three types of modern reekensiive basin: (i) zones of marine upwelling and high
primary productivity (e.g., eastern tropical Pacific); (ii) highly restricted basins (e.g., Black Sea);

and (iii) partially restricted, silled basins (e.g., Cariaco Basin). Each of these basin typegsdevelo
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a distinct M@ vs. Ugetrend that is controlled by a combination of the redox stratification and
evolution of the basin, the degree of connectivity with the open ocean, and the refreshing rate of

the basinal waters.

2.7.1Highly restricted basins

The nost distinctive of the three modern basin types, the highly restricted Black Sea,
typically forms Mar vs. Ugetrends that are flat overall, showing greater U enrichment over Mo,
although at neaconstant elevated Mo enrichment. This is because such hegthcted basins
develop longterm, persistent euxinia at depth, which promotes the reduction of molybdate to
thiomolybdate, and thus elevates Mo removal rates from seawater. Over time, a reservoir effect
develops, in which Mo, through prolonged drdomn in the euxinic parts of the basin, becomes
supplylimited. This effect also implies pronounced basin restriction that limits mixing of the
basin water with the open ocean to only the shallowest water depths, and even then with only
limited watermass exlcange. In contrast, U does not develop a significant reservoir effect
because of its steady fixation rate, and it continues to be enriched well after the Mo supply has
been depleted. This allows for the development of flagdWs. Ugr trends with somewhat
elevated Mo enrichment (Algeo and Tribovillard 2009) (Rig1, BS). The much steeper slope
shown in the Rapitan samples indicates that the Rapitan basin was not nearly as restricted as the
modern Black Sea. A highly restricted basin was already cossidelikely based on the
REE+Y data, which indicate considerable connectivity with the open ocean, showing consistently
elevated Y/Ho ratios, positive Gd/Gd* values, and a strongly developed positive REE slope

overall.

2.7.2Zones of upwelling and high prauctivity

At the other end of the spectrum are opearine settings characterised by deegier
upwelling that causes high primary productivity near the top of the water column, such as in the
eastern tropical Pacific along the western coasts of Nortisaath America. Nutrieatich deep
water is upwelled into the photic zone in these areas, creating a bloom in biological activity. This
increased productivity results in prolific export of organic material to the seafloor, the
decomposition of which causasoxic conditions to develop in sediment pore waters and, rarely,
in seawater just above the sedimseawater interface (e.g., Morford et al. 2005; Pattan and

39



Pearce 2009). Uranium is commonly markedly esmriched relative to Mo in sediment from

these eeas, because suboxic to anoxic bottom and pore waters are sufficient to cause its
enrichment. Watecolumn euxinia is rare in these zones, becaysaeficiency is generally

limited to pore waters, where it is not sufficient to promote Mo removal frowaker column.

The combined effect leads to shallow slopes ordWe. Ugr diagrams for most sediment

deposited in these environments (Algeo and Tribovillard 2009) 28id@, ETP). These trends are
different from that of the Rapitan iron formation. In tihee occurrence of wateolumn euxinia

in an upwelling zone, steep Mo enrichment can develop, but the steep trend in such a situation
would trend away from already elevated U enrichment levels due to persistent U enrichment in
all conditions, whereas theend discovered in this study extends from the origin. This suggests
that the Rapitan basin was probably not a zone of oceanic upwelling and high productivity. The
REE+Y patterns also suggest a degree of restriction in the system, which is incongilsténs w
type of redoxsensitive marine area. Consequently, a basin as open to the global ocean as this can

be eliminated from consideration for the Rapitan basin.

2.7.3Silled basins

The third type of redosensitive environment is a partially restricted 6 si | | ed 6 basi
as the Cariaco Basin off the Caribbean coast of Venezuela. This basin type features@eeep
depression protected by a series of bathymetr|
waters of the basin with the opemarine realm, while allowing most of the water column to
remain welmixed with the open ocean (Lyons et al. 2003). Silled basins are distinct from Black
Seatype basins because the latter are almost completely cut off from the open ocean at depth,
and experiace only limited exchange of surface waters, whereas silled basins have full
connectivity at all but the deepest parts of the basinsZRiBA). If a pronounced redoxcline is
established, silled basins can develop {eTon euxinia in their bottom watenshich allows for
the fixation of Mo through the generation of-M®-S compounds of variable stoichiometry
(Helz et al. 2011). Unlike the Black Sea, however, the high connectivity of the upper parts of the
water column helps prevent Mo exhaustion, becthesenetal budget of the euxinic bottom
waters can be maintained through slow exchange across the redoxcline, episodic spillover of
extrabasinal ocean water, or a Mn/Fe particulate shuttle. The nearly constant Mo supply in these

systems allows for steepdvenrichment relative to U, which is fixed at the same rates as in any
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other redoxsensitive basin (Algeo and Tribovillard 2009) (RdL1, CB). The steep slopes in the
Mogr vs. Ugr covariance plots generated by modern basins of this type is closelyanibypthe
slope defined by the Rapitan iron formation, indicating that the Rapitan basin may have been
similarly silled. The REE+Y systematics, which also indicate a hybrid source of dissolved

species, further support this basin type.

The basin configutaon emerging from the geochemical data is consistent with the
basinal architecture that was established using sedimentological and stratigraphic evidence. The
Rapitan Group was deposited in an incipient rift basin (Yeo 1981; Eisbacher 1985), a dynamic
tedonic setting that is capable of producing bathymetric sills, such as the uplifted edges of graben
systems. The geologically ephemeral tectonic regime of a rift system could also limit the
longevity of the silled basin through continued rift subsidences flay help to explain why iron
formation was deposited during only a brief stage of Rapitan Group deposition, and why thick
iron formation is of limited geographic extent. It also helps explain why the Rapitan Group is
divided into a series of stilmsinsacross the Mackenzie Mountains (Yeo 1981). The limited
distribution of iron formation within each sdiasin also conforms to the typical view of rift
systems, which commonly consist of a series of topographic lows that are not necessarily well

interconnectd.

2.7.4Nature of the redox chemocline

A drawback of using the modern silled basin model for the Rapitan basin is that one of
the most important processes in such basins today is the role ebaidiénparticulate shuttle. In
the modern Cariaco Basin,apfrom intermittent spillover of water from the open ocean into the
basin, the principal mechanism for the transport of Mo and other metals into the euxinic zone is
through Mn redox cycling (Algeo and Tribovillard 2009). In modern basins, the oxiddtion o
dissolved MA* to Mn oxy-hydroxides occurs in the oxic zone. Molybdate ions readily adsorb to
Mn oxides, providing the primary mechanism for Mo removal from oxic seawater (Morford and
Emerson 1999; Morford et al. 2005; Tribovillard et al. 2006). InatiB&d basin in which the
upper water column is well connected to the open ocean, Mn oxides would readily form in the
upper water column, but would-dessolve upon settling below the redoxcline into more reduced

waters, releasing all adsorbed materi@hsas Mo and Ce. This process keeps the metal supply in
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these basins almost constant, and can lead tessw&hment of some metals in the anoxic

bottom waters (Algeo and Tribovillard 2009; Planavsky et al. 2010a). Strong evidence against

this process ipresent in the Rapitan basin: one of the characteristic signs of this process is a
positive Ce anomaly, a phenomenon documented in some late Paleoproterozoic iron formation
and in bottormwaters from modern redesensitive basins, but not present in theiaap where
normalised Ce is either flat or shows a slight negative anomaly. The absence of a Mn shuttle does
not preclude the silled basin model: the oxidation of dissolved Mrvin oxy-hydroxides is

common in modern settings, but, due to the compéxiif the redox and chemical state of the

Neoproterozoic ocean, may not have been in effect at that time.

An iron particulate shuttle across an efecruginous redoxcline was probably in
operation in the Rapitan basin, as opposed to @Xie shuttle. Tis process would not
generate a positive Ce anomaly, but would allow for a nearly constant marine metal budget in the
suboxic to anoxievater massedfkedox stratification of the basin during deposition of the Rapitan
iron formation was a critical componagitthe classic depositional model of Klein and Beukes
(1993). The nature of the redox stratification in that model is, however, overly simplistic. Given
that significant Mo enrichment relative to U requires at least mildly euxinic conditions, it can be
inferred that the Rapitan basin had at least three different water masses, defined by their redox
conditions. Euxinic water in the basin would have been, by necessity, quite limited in extent. In
order to generate large volumes of ferric iron oxides (heenatiits precursors), much of the
basin, including the bottom waters, must have been under ferruginous conditions and
transitioning towards oxic conditions, because pervasive euxinia would promote the formation of
pyrite and inhibit the buildip of sufficient dissolved ferrous iron to generate iron formation.
Consequently, the Rapitan basin was highly restoatified, and probably consisted of oxic
surface waters, highly ferruginous deep waters (iron enrichment of sufficient levels to form large
iron formaions), and intermittent, weakly euxinic middle water depths. This type of stratification
differs strongly from most modern redskatified basins, such as the Black Sea and Cariaco
Basin, and more closely resembles ferruginous lakes, such as Lake Madanesia (Crowe et
al. 2008b), of which there are far fewer modern examples.
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2.7.5Nature of the sill

A major difference between the Rapitan and Cariaco basins, besides the established redox
water column stratigraphy, is the largely unknown influendeetover. Capping of the ocean
by thick sea ice, as would have been the case in the classic model for snowball Earth (e.g.,
Kirschvink 1992; Hoffman et al. 1998; Hoffman 2009), plays a major role in the BIF model of
Klein and Beukes (1993). Evidence fbetpresence of glaciers and either sea ice or an ice shelf
is present throughout the Rapitan Group, in the form of diamictites and abundant dropstones in
the iron formation. The full scope of the influence of sea ice on the redox stratification in a
Neoprderozoic basin remains to be fully explored. Currently, the most detailed proposal
hypothesises that prolonged ice cover would promote stagnation and the buildup of dissolved
ferrous iron in the basin waters (e.g., Klein and Beukes 1993). Furthermorapotean example
of subglacial stagnation from Antarctica, in the McMurdo dry valleys, strong redox stratification
develops in some of the sgjacial lakes. There, the REE+Y evidence points towards a Mn
particulate shuttle, as demonstrated by positivar@enalies observed at depth (De Carlo and
Green 2002). Other basins in the region have developed high concentrations of dissolved ferrous
iron, primarily through anaerobic bacterial activity and complete isolation from the atmosphere
and ocean, and havedresuggested as possible analogues to Neoproterozoic basins that contain
iron formation and glaciogenic siliciclastic rocks (Mikucki et al. 2009). These modern examples
are imperfect analogues, because they are lakes, not restricted oceanic basinsdbutetgeto

demonstrate that glacial ice can induce water column stratification and redox stagnation.

The redox stratigraphy of modern basins is maintained through the formation of
hydrological barriers that are generally independent of the redox sthtelmsin. These are
most commonly temperature gradients (thermocline) and salinity gradients (halocline). These
features commonly occur together, as is the case in the Cariaco basin, where colder, more saline
water underlies a combined habnd thermoline that forms the barrier between oxic and anoxic
water (Lyons et al. 2003). Either of these features is easily formed in a glaciomarine
environment, where glacial outwash injects cold, fresh water into the basin, commonly
contributing to the formationfeither a thermeoor halocline (although such a system would be
associated with clastic sedimentation that would inhibit the deposition of chemogenic iron

formation). This process could allow for the development of glacially triggered-e@itenn
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stratification, which, when coupled with basin restriction, would aid in preservation of strong
redox stratification of the water column, and greatly inhibit mixing and dilution of distinct

basinal water masses.

In order to maintain longjved redox stratificabn in a basin, physical barriers between
the deeper basin water and the open ocean are needed. As discussed above, active movement
along normal faults (Helmstaedt et al. 1979) during Rapitan deposition associated with early rift
formation could easily havgenerated a wetlefined sill along the rift margin. Furthermore,
because there was active subsidence and rifting, continued movement along the normal faults
would maintain accommodation space in the basin over much longer intervals, and would prevent
thebasin from shallowing and gradually increasing its overall degree of connectivity to the open

ocean.

2.7.6A new model for Neoproterozoic iron formation

The presence of iegansported sediment in the Rapitan basin clearly limits the extent to
which the Griaceotype silled basin model can serve as an analogue for the Neoproterozoic,
because se@e has the ability to isolate the system from the atmosphere and possibly from the
open ocean. Any proposed model for the Rapitan basin must therefore consaftactnaf ice.

A bathymetric sill, formed by a hangitvgall block, is without question capable of creating a
partially restricted basin. The structural and sedimentological evidence for a rifted graben
environment also helps to explain the geographisahable thickness of iron formation
throughout the Rapitan Group exposure area. However, the relative rolexappeg versus
bathymetric sill in promoting the buildup of sufficient iron to deposit the thick iron formation

unit of the Snake River remn are difficult to assess.

Here we envisage a silled basin that, during extended intervalsadvee and
concomitant se&evel lowstand, would have been isolated from the atmosphere and restricted
from the open ocean (Fig.12B). At times, the basicould have been completely isolated from
the ocean, when the thick ice shelf was grounded on the sill at the outboard edge of the basin.
Isolation from the atmosphere, as well as inhibition of photosynthesis due to ice cover, would
have resulted in the rapdrawdown of free oxygen in the shallow water column, allowing

ferruginous conditions, already prevalent in the deep basin (e.g., Johnston et al. 2010), to become
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the dominant redox state at all water depths @EI2B). During this time, large amourds

clastic materialvould have been introduced to the basin throughgsatial outwash, generating
fine-grained turbidite deposits. In our model, this is the setting in which the turbahenated
Sayunei Formation (Yeo 1981) was deposited. In additiatastic sediment, there would have
been a small supply of dissolved sulphate generated through oxic weathering of dudainidg

rocks and mechanical weathering of sedimentary sulphates under thassdtglacier. Due to

low productivity levels, thelissolved sulphate would have gradually built up to saturation levels,
causing the precipitation of small amounts of sulphate minerals, such as glauberite (now
preserved as dolomite pseudomorphs), within clastic strata (Young 1976). In addition to clastic
material and sulphate, glaciers have been documented as the dominant iron supply to the modern
open ocean (Raiswell et al. 2006). Thus, it can be envisaged that highly reactive ferriciron oxy
hydroxide nangparticles such as lepidocrocite (&, whichare both readily bioavailable and

easily reduced and dissolved under ferruginous marine conditions, were supplied by the ice sheet
(Fig. 2.12B). Ironreducing bacteria have been documented in modeitegped, restricted

basin settings, such as Blood Balntarctica (Mikucki et al. 2009), where they reduce these
particles to ferrous iron while autecycling sulphur and carbon, allowing for minimal organic
carbon burial and $$ production. Prolonged intervals in which such microbially mediated iron
redudion was taking place would have enabled the buildup of enough dissolved iron in the basin
to eventually form the large iron deposits of the Snake River region. Additional iron could also
have entered the basin through limited exchange with ferruginowstszdrom the deep open

(Fig. 2.12B).

Upon glacial retreat and subsequentiseal rise, the irofrich basin waters would have
become simultaneously exposed to both atmospheric oxygen and sunligBtl(#g). Due to
the relatively high concentratimf nutrients, such as Feand SG?, that had been able to build
up in the basin during ice cover, primary productivity in the upper water column would have
exponentially increased, resulting in the rapid sequestration of large volumes of organidrcarbon
shallow to middle water depths. Burial of this carbon, combined with the elevated dissolved
sulphate concentrations in the water column, would have enabled bactaedligted sulphate
reduction (BSR) to generate sulphidic conditions in deeper shtdlavedian depth water,

generating a euxinic wedge that migrated outwards from the lower shelf to upper slope. This
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condition is similar to what has been proposed in several recent models for other intervals in the
Palee and Neoproterozoic (e.g., Johnstdral. 2010; Li et al. 2010; Poulton et al. 2010; Poulton
and Canfield 2011).

During times of maximum BSR, the euxinic wedge would extend far out into the basin
along the chemocline between oxic surface waters and ferruginous deep water. It is ulikely th
this wedge would ever have been strongly euxinic, due to the large amoufitiofthe water
column, which would have generated large quantities of iron sulphides and quickly exhausted the
supply of dissolved k5. Importantly, however, strong euxirtonditions may not be necessary
for Mo fixation. According to new models for Mo fixation, strong Mo removal under euxinic
conditions can occur at much loweg3iconcentrations than previously suggested, through the
formation of FeMoS compounds in lieu bktgeneration of thiomolybdates, as is the
traditionally accepted mechanism for Mo fixation in euxinic environments (Helz et al. 2011). In
this model, Mo removal from the water column is primarily dependent on the availability of
ferrous iron and pH, witdissolved HS merely needing to be present to remove dissolved
MoO,* from the water column. It has been suggested that Mo fixation can be driven by iron
removal alone (Crowe et al. 2008a), but in that example the zone of strongest Mo removal
corresponds ith that of the highest concentrations afSdWhen applying these new findings to
our model for the Rapitan iron formation, we propose that FeMoS compounds would have been
shuttled from the euxinic wedge in middle water depths by newly oxidised irehyoxgxides
that had formed through the upwelling of dissolved ferrous iron into the oxic surface waters and
its subsequent oxidation (Fig12C). The iron supply to the basin would been quickly drawn
down through the progressive oxidation of the waterrnalualthough there may have been
continued refreshment of dissolvedFearough either upwelling of nehydrothermal iron from
deep waters outboard of the sill, or through the continued supplygfiRéo the basin by the
combination of glacial outwasimd icebergs (Raiswell et al. 2006), whose presence can be
inferred from the abundant dropstones in the iron formation 2E8C). Larger iron resupply
events would have happened during colder times in which persistent sea ice, or potentially ice
shelfre-advance, caused the basin to become isolated from the atmosphere again, which may be

recorded by the thin interbeds of siltstone in the iron formation.
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It is important to note that the basin configuration and water chemistry during deposition
of the feruginous clastic rocks of the Sayunei Formation and the chemogenic iron formation may
not have been dramatically different;, the main or only difference may have been the supply rate
of clastic sediment. The turbiditic rocks of the lower Sayunei Formhtwga a very high Fe
content (average 12.4 wt%&&; Yeo 1981), but clastic supply was very high. By contrast, in
order to deposit true iron formation, clastic sedimentation had to be nearly or completely shut off
in the deep basin (Klein and Beukes 199%8re we envisage that due to the-lse@| highstand
that followed glacial retreat, much of the clastic sediment deposited in the proglacial environment
would have been trapped in shallow water on the upper shel(ERf). The combination of
rising ®a level, isostasy, and subsidence alongndtgin normal faults would prevent
significant volumes of clastic material from reaching the deep basin. Consequently, with the
exception of the delivery of coarse material into the basin in the form-cdfieel debris,
dropstones, and infrequent, brief episodes of silt and fine sandstone deposition (distal turbidites),
chemical sedimentation would dominate in the deep basin, allowing for the formation of large
vol umes of o6trued hy dmostgprebalmewcauseifortbenterniinatromodt i o n .
iron formation deposition is therefore the loss of accommodation space. As other authors have
reported, the top of the iron formation locally contains granular iron formation (GIF), which is
evidence of shallowater deposition (Klein and Beukes 1993), and is overlain by ferruginous
glacioclastic rocks. This suggests that although the dissolved iron supply locally remained high
well after the end of iron formation deposition, shallowing water, and eventualli clast

sedimentation, drove the cessation of hydrogenous iron formation deposition.

2.7.7 Oxidation state of the Neoproterozoic open ocean

The REE+Y patterns in the Rapitan iron formation are a combination ofropene and
local (LREEenriched) sources. Tigtrong correlation of REE+Y features is not a function of
terrigenous contamination but probably reflects varying importance of the two major dissolved
REE+Y sources to the basin. The data thus suggest variable connectivity with the open ocean.
The most siprising finding in this regard is the absence of a positive Eu anomaly in most
Rapitan samples. If, as is widely postulated, the late Neoproterozoic deep ocean was sulphidic or
ferruginous, it would clearly be expected that kigimperature hydrothermagnt fluids would

have imparted a positive Eu anomaly to the ocean water. However, the Rapitan iron formation
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lacks such an anomaly, suggesting that the open ocean may already have been quite well
oxygenated by the late Neoproterozoic.

The few other publistd REE patterns for Neoproterozoic iron formations (e.g.,
Lottermoser and Ashley 2000; Klein and Ladeira 2004) from different localities (e.g., South
Adelaide Geosyncline, South Australia; Urucum district, Brazil) also lack evidence for positive
Eu anomaks, although this is not readily evident in those studies due to incomplete REE data.
The missing anomaly is significant. According to the widely cited theory that for most of the
Proterozoic, the deep ocean was sulphidic (i.e., stagnant kdeleoprotenzoic ocean),
hydrothermally sourced iron would be expected to be removed from the water column through
the formation of pyrite (Canfield 1998), and the REE would remain dissolved (Bau and Dulski
1999). Sequestration of REE into pyrite would be unableatizimthe dissolved hydrothermal
REE flux into the ocean, and so the ocean as a whole would carry a significant positive Eu
anomaly, as did the Archean ocean, for which this phenomenon is well established. Similarly,
widespread ferruginous conditions in thgen ocean would also preserve the Eu anomaly,
because hydrothermal REE would stay in solution as long as the iron did, suggesting that even
suboxic, ferruginous conditions in the Neoproterozoic open ocean were implausible. The absence
of the Eu anomalyequires widespread oceanic ventilation at the time of Rapitan Group
deposition. This conflicts with Mo concentration data from black shales, which remained very
low until afterthe Neoproterozoic glaciations (Scott et al. 2008). The information from tBe RE
and from Mo are mutually inconsistent and will require better study of the elemental supply to

Neoproterozoic iron formations and further studies of Neoproterozoic black shale.

2.8 Summary

High-quality trace element analyses of jasper samples fromapitaR iron formation
enable detailed reconstruction of the depositional basin and oceanic conditions. The REE+Y
demonstrate that although the basin maintained a considerable degree -ohasstexchange
with the open ocean, local REE+Y sources also segbpl significant flux of dissolved load from
geologically localised and chemically distinct sources. Collectively, this indicates some degree of

basin restriction. The neabsence of the Eu anomaly shows that the open ocean was not only
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Eu-deficient, buthat hydrothermally sourced Fe was not important for the Rapitan iron
formation, indicating instead that the primary iron source may have been glacially sourced iron
oxy-hydroxide nangparticles that were subsequently bacterially reduced under ferruginous
conditions. Evidence from Mo and U suggests that the basin was partially restricted (silled),
which is consistent with evidence obtained from the REE+Y. Although the traditional model for
silled basins cannot be applied to the Rapitan iron formation withodification, due to the
presence of glacial ice, an alternative model proposes prolongedgpeng of a silled basin,

which allowed for the development of strongly ferruginous conditions. Upon ice retreat, this iron
rich basin would be gradually oxg#d from above, triggering high primary productivity and
eutrophication on the deep shelf and upper slope, establishing a weakly euxinic wedge in middle
water depths. Oxidation of upwelling dissolved ferrous iron into ferric irorhgxlyoxides

would provde a shuttle for FeMoS compounds during the intervals of most persistent euxinia,

causing Mo enrichments of over an order of magnitude greater than background levels.

This new model for the configuration of the Rapitan basin and depositional controls on
the iron formation suggest that the Neoproterozoic open ocean was at least partially oxygenated,
inhibiting the longdistance transport of Eu. Oceanic ventilation is not compatible with the
sulphidic Proterozoic ocean model, nor is it compatible with neveglels for a ferruginous
Proterozoic deep ocean. Furthermore, the close analogies drawn between-Archean
Paleoproterozoic iron formation and Neoproterozoic examplesjie@dersaare inappropriate,

at least when discussing the iron source.
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Figure2.1: Geological map of the approximate distribution of Proterozoic strata of northwestern
Canada and eastern Alaska. Inset map shows the location obtbgigal map. The Rapitan

Group and its equivalents in t@ailvie Mountains (western Yukon and eastern Alaska) are in

red. The Redstone River region (A) and the Snake River region (B) are indicated (modified from

Yeo 1981).
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Figure2.2: Generalised Neopterozoic
stratigraphy of the Mackenzie Mountains,
Northwest Territories and Yukon,
showing the stratigraphic position of the
Rapitan Group in the Windermere
Supergroup and its position relative to the
older Mackenzie Mountains supergroup
and the NeoprotezoicCambrian

boundary.
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Figure2.3: Stratigraphic
column of the Rapitan iron
formation at Cranswick
River, NWT. Inset map
shows location of measured
section (star) in the
Mackenzie Mountains,
Northwest Territories,
Canada. Sample numbers
that correspod with
stratigraphic position are
located on the right side of
the column. Lithofacies
listed in the legend
correspond to those referred

to in the text.
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Figure24: (A) Typical bedded jasper and hematite
(B) Zoned jasper nodules are ubiquitous in the Rapitan iron formation, here in a matrix of
massive hematite. (C) El ongate, | enticular no:
and nodules with very few true jasper bands. (D) Dropstones, prealathgiof resedimented

carbonate clasts, deform only a maximum of a few millimetres of underlying sediment. (E) Jasper
nodules can also be hosted in jasper bands, a potential hazard when sampling for geochemical
analysis. (F) Gregreen chert nodules areegent only in the uppermost jasper band of the iron

formation.
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Figure2.5: Shalenormalised REE+Y diagrams of jasper samples from the Rapitan iron
formation. (A) Most of the samples (h=34) demonstrate fairly uniform, consistent, setypater
patterns ith pronounced positive slopes, small negative to flat Ce anomalies, positive Gd
anomalies, and superchondritic Y/Ho ratios. (B) Nine other samples sheseawmatetype

REE+Y patterns, commonly with unusual patterns that have not been interpretedyeand ha
accordingly been eliminated from further discussion. These nine samples are identified in Table
S2. (C) Compilation of REE+Y data for seawater and hydrogenous sedimentary rocks through
time. Modern shallow, median, and deep seawater compiled by Kaid&€))( showing deep
negative Ce anomalies and positive La, Gd, and Y anomalies. Modern (Webb and Kamber 2000)
and Devonian (Nothdurft et al. 2004) microbial carbonates show positive La and Y anomalies
with small negative Ce anomalies. Eoarchean (Bolhak 2004) and Neoarchean (Baldwin et al.
2011) iron formation also show positive La, Gd, and Y anomalies, but without statistically
significant Ce anomalies, and with pronounced positive Eu anomalies, showing that these
(Ce/Ce* and Eu/Eu*) are the onlytiutes of the REE+Y systematics of seawater that have
changed significantly over Earth history. Comparison of the patterns in (A) with those in (C)
demonstrates that they record the REE+Y composition of seawater that has remained largely
unchanged througtut Earth history, and are thus the most appropriate samples to include in a

study of the basinal seawater chemistry of the Rapitan iron formation.
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Figure2.6: (A) Y/Ho ratios plotted against the Gd anomaly (Gd/Gd*). Y/Ho and Gd/Gd* are
strongly correlged, with = 0.71. (B) Y/Ho ratios plotted against,&; concentrations (wt%).
Al,O3 does not have a relationship with the Y/Ho ratio, with the full range of Y/Ho values
occurring at neaconstant AJOz concentrations. Samples with elevated@lshow a vide range
of Y/Ho ratios, indicating that detrital input exerted minimal control on the Y/Ho ratio. The
variability in Y/Ho and the Gd anomaly therefore reflects the existence of distinctive water

chemistries in the basin, and not detritally controlledxiity.

58



Y/Ho

Gd/Gd*

ALO_(W1%)

45

40

0.8

0.6

0.4

, A
n g ]
- |
N [
ul .
g ! ’
l. ~
L =" II
u ]
[ ] | [ ]
l
. =
L d .
|
|
L . - il Ll
L N T ELARRAN
I n B‘
(1] ]
L
B "a |
" u
- |
- " ]
L |
L . Mo -'
l.1 -
[] I.
L |.
| (]
|
FPEPEPE EPETEPETE [PEPRPII EPEPEPEP EPEEPIPI SR AP SPEPETAPI PR
B T A A
| ] C
- |
|
[
-l .
B | =
|
o "
|
"I
Ig|h :.
-y
I I M I TP PP BT
1 1.1 1.2
Fu/Eu*

59

Figure2.7: The Eu anomaly
(Eu/Eu*) plotted against (A) Y/Ho,
(B) Gd/Gd*, and (C) AIOs. No
statistically significant correlation is
found between the Eu anomaly and
either Y/Ho or Gd/Gd*. Dotted

lines indicate Eu/Eu*=1, or the
threshold forlhe Eu anomaly. This
indicates that positive Eu anomalies
are not of opemmarine origin, and
that the wider ocean did not carry a
positive Eu anomaly. Samples with
Eu/Eu* values greater than the
statistically significant 1.1 also
contain elevated AD;
cone@ntrations relative to the
majority of the dataset. This
suggests that the positive Eu
anomalies can be attributed to input
of older detritus with positive Eu
anomalies (e.g. feldspar) into the
iron formation, rather than from a
contemporaneous hydrotherma
source, as noted by Klein and
Beukes (1993).
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Figure2.8: Histogram showing the distribution of La/La* values normalised to MuQ (grey) and
the USGS granitoid standard G8Rblack). Both have bimodal distributions, but when

normalised to GSR, the erite dataset is shifted into positive La anomalies, whereas the lower
mode in the Mu@ormalised dataset produces apparent negative La anomalies. No negative La
anomalies are known from rocks, and so this finding implies that the local dissolved REE+Y
suppl originated from catchment areas dominated by LRER rocks, possibly of granitoid

composition.
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Figure2.9: Covariance
diagrams of elemental
Mo (ppb) and Fg3; and
MnO (wt%). (A)
Molybdenum does not
correlate with FgOs,
indicating that increased
iron deposition did not
directly influence Mo
fixation rates, although
the strong correlation for
samples at midange Mo
and FgOs; concentrations
suggests that iron
particles may have
nonetheless been an
important particle shuttle
for Mo at moderate
concentréions. (B) No
correlation between Mo
and MnO is seen,
indicating that a Mn

particulate shuttle was



TTTTTTTTT

EERARRRRARNRRE SRRRE ARERRE B NS NEEE NN N
0 100 200 0 + 8 0 10 20

0Om

IVIC’EF UEF WEF

62



Figure2.10: Stratigraphic distributions of the enrichment factors for Mo, U, and W. Stratigraphic
column on the left ise iron formation interval from Fig. 3. Molybdenum is significantly more
enriched in the upper and lower parts of the iron formation, indicating stronger mechanisms for
Mo fixation, whereas U is more constant throughout the section. Tungsten is trahbeioreen

Mo and U, showing relative enrichment at the base and top of the section like Mo, albeit with

much smaller enrichment factors. See text for further discussion.
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Figure2.11: Covariance plot of Mg and U These elements show good covarianith w
stronger absolute enrichment of Mo than U. Similar relationships exist between both of these
metals and Ni, Co, Pb, and Sb, but not with V. Dotted lines show the expected trengs-in Mo
Uer space for the modern Cariaco Basin (C.B.), Black Sea (Brfél )zastern Tropical Pacific

(E.T.P.).
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Figure2.12: Schematic diagrams of three partially restricted basin models for a rift basin setting.
(A) In the classic silled basin model, based on the Cariaco basin (after Lyons et al. 2003), a
bathymetric sill, brmed for example by a dowdropped fault block, limits water exchange

between the deep basin and the open ocean, with stratification controlled by the development of a
chemocline. The upper water mass has unrestricted exchange with the open oceag,fall@vin
steady supply of dissolved metals to the basi:
cannot be applied directly to the Rapitan basin because it does not account for ice cover. (B) In a
rift basin with widespread ice cover, free oxygethi@ upper water column of the basin would be
limited, allowing the preexisting ferruginous deep water to become the dominant redox state of

the basin. During this time, clastic sediment and dissolved sulphate produced by limited chemical
weathering bendl a wetbased glacier would be introduced into the basin througtylsual

outwash, depositing the thick turbidites of the lower Sayunei Formation and raising the dissolved
sulphate concentration in the basin to glauberite saturation. Simultaneoasigilyderived,

highly reactive iron oxshydroxide naneparticles (Fgr) would be introduced into the basin and
reduced to soluble Eeby iron-reducing bacteria, gradually increasing the dissolved iron content

in the icecapped basin to levels that codleposit iron formation. (C) Upon glacial retreat from a
previously icecovered rift basin and exposure of the basin water to atmospheric oxygen and
sunlight, high primary productivity occurs, generating sufficient organic material in anoxic

shallow to midlle water depths to initiate bacterial sulphate reduction (BSR) and produce a

mil dly euxinic 6wedged i n ,nscondertestoveMoRr dept hs
compounds at relatively lowJ3 concentrations, which adsorb to the surface of flocculatomg i
oxy-hydroxides that form through the oxidation of dissolvet! fethe oxic upper water column.

The relative position of the wedge dictates either strong Mo enrichment (solid line) or weaker
enrichment (dashed line). The basinal iron supply may bestedd through the input of

additional glaciogenic kg nanopatrticles, or via upwelling of nehydrothermal iron from

extrabasinal sources. Iron formation deposition occurs only duririgselshighstand, when

most glaciogenic clastic sediment is trappedhallow, proglacial estuaries. At this time, the

primary source of clastic sediment to the basin is dropstones from icebergs.
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2.12 Supplementary Data

2.12.1 Detailed Methods

Forty-two jasper samples were carefully cleaned of adhering modern sedivieen
necessary, samples were briefly immersed in an HCI bath to eliminatkdganetic to sub
recent calcite veins and surface precipitates. Cleaned samples were then carefully examined to
determine the suitability of the jasper band for trace ai@ealysis, with the most nodedieh
bands being excluded from the study due to their extreme heterogeneity. In some cases, chert
bands needed to be mechanically separated from the associated hematite bands using a water

cooled lapidiary saw.

To test tle possibility of chert heterogeneity (e.g., Baldwin et al. 2011), thin sections of
several samples underwent exploratorgitu analysis for Mo, U, and Al by LACP-MS, using a
Resonetics RESOlution #80-LR 193 nm laser ablation system operating at 127] with a
repetition rate of 5 Hz. Analyses were performed as a longitudinal traverse of the jasper bands
with a spot size of 89 um and a scan rate of 20 um/s. These analyses demonstrated excellent
homogeneity across the thickness of jasper bandslfanalyzed elements, as expressed by
counts per second (cps) over time (A&1). It was thus concluded that the chert bands were
sufficiently chemically homogenous. By contrast, 2 dimensional trace element maps of chert
nodules, obtained using the medlbtogy described by Ulrich et al. (2009¢xposed great
chemical gradients and complex zonations. These elemental gradients are likely secondary and

make it impossible to sample nodules on a representative scale.

The selected samples were crushed to gedibéd grains in a Sturtivant steel jaw crusher
that was thoroughly cleaned of all residue between samples with a nylon brush and ethanol. The
crushed material was then carefully picked under a dissecting microscope to ensure that only pure
jasper was sapted, and to avoid such impurities as weathering surfaces, veins, massive
hematite, and jasper nodules. Avoiding the nodules was especially critical due to their probable
early diagenetic origin. The picked grains were rinsed in ethanol, dried, and drusineaate

mortar and pestle.
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Samples for trace element analysis were weighed as 100 mg aliquots for digestion in a 4:1
mixture of 2 mL of distilled, ultrgoure, concentrated HF, and 0.5 mL of dadiling, triple-
distilled concentrated HN{n 29 mL Saillex Teflon beakers. Digestion was achieved in tightly
sealed beakers at 140°C for 72 hours, after which samples wereldvadat 110°C, volatilizing
all Si as Sik. Remaining fluoride complexes were converted to nitrates using repeated treatments
of 1 mL pure HNQ. The converted residue was then taken up into a 10 mL stock solution of
20% HNQ by dissolving it in closed beakers overnight at 140°C. The stock solutions were
diluted to nominal dilution factors of approximately 2,600x. In reality, theidiluactors were

muchlower, due to the substantial loss of Si as,SiF

Sample dilutions were prepared for analysis by the addition of an internal standard
mixture containing the enriched isotopesand ?**U, as well as pure elemental Re, Rh, and Bi.
A suite of 46 trace elements was analyzed using a Thermo X Series Il quadrupbl& MiEh a
quartz spray chamber, externally calibrated using multiple solutions of the USGS star@lard W
Additionally, the USGS standards <PAand JB2 were analyzed as latatory unknowns, as well
as the iron formation reference material IFG, which was run as a procedural unknown, all three of
which were compared to the laboratory ldegn reproducibility (e.g., Kamber 2009). The
production of oxides and oxide interferenbgghe ICRPMS (e.g., BaO) was tracked and

corrected using the procedure describgdllrich et al. (2010).

The preferred concentrations of elements in the calibration standa2yl lfive been
listed and explained in previous publications (e.g., Kambal 2003; Babechuk et al. 2010) but
for this study, standard addition experiments were performed to verify the preferred concentration
for the important metal Mo, alongside three other siderophile and/or-ssthsitive metals (As,
Sb and TI). For this ppose, four 100 mg digestions were produced from 4 international rock
standards (\A2, BHVO-1, JA-2 and JA3). The separate digestions of each standard were diluted
to a factor of 2,500 and spiked with internal standards, as were the regular samplesitone dil
was analyzed pure, but to the other three dilutions a mixed tracer of combined Mo, As, Sb and TI
was added. This tracer was prepared from certified 10,000 ppm pure metal solutions. The
approximate tracer concentrations in the first spiked dilutiare @88 ppb Mo, 0.55 ppb As,
0.07 ppb Sb and 0.05 ppb TI. The second and third spiked dilutions contained 5 and 10 times
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higher concentrations, respectively. Plots of blank, internal standard, and didion

corrected signal intensity (raw counts) added standard concentrations were produced. Linear
regressions were calculated from these plots, yieldinfbretter than 0.9995, attesting to the
internal consistency of the experiments (Fig. S2). One such plot (for Mo) is shown in Figure
2.52. Fromthe slope and intercept of these regression lines, the metal concentration can be
calculated (Tabl@.S1). The Mo concentration was calculated for three isotopes and those of Sb
and TI for two isotopes. The errors listed in Tahil for these elementspresent the one

sigma standard deviation of the individual estimates. The error for As was calculated from the
propagated error in slope, intercept and blank subtraction. Importantly, the previously preferred
concentration of Mo in W2 (423.4 ppb) was repduced in this experiment (424.4+2.1 ppb)

within error, and the data reported here are thus consistent with earlier data from the same

laboratory.

Major elements were analyzed in two different ways. For twenty samples, a representative
but less carefullyipked split of the material was pulverized in a tungsten carbide puck mill for
analysis by XRF at the Ontario GeoLatere loss on ignition (LOI) was also determiriEoe
remaining 22 samples were analyzed for major elements (except Si) #3CPhe sane stock
solutions used for the trace elements were diluted by factors of 1850000x to bring the major
element concentrations of these elements within the upper detection limits of tMSICP
Otherwise, the operating parameters for these analyses/asr similar to those for the trace
element analysis, with the same internal standards and external calibration-@ithh& USGS
standards BHVE and BCR2 were run as unknowns and results compared favorably with the
certified majorelement values puished by the USGS. Samples measured by theMSRack
data for SiQ and LOI, due to the loss of both Si and volatile phases during the drydown phase of
digestion, but the data correspond exactly to the material analyzed for trace elements. Major and

traceelement results are reported in Tabl&2.
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2.12.2Supplementary Figures
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Figure2.S1: Timeresolved LAICP-MS signals (counts per second) for Mo and U from a

traverse across a jasper band. Fairly uniform levels of both Mo (A) and U (B) were obtained
throughait the thickness of the band. The absence of concentration spikes clearly argues against
nugget effects, and the uniform distribution shows that both elements are genuinely hosted by the
jasper. Uranium is more homogeneously distributed than Mo, but reostaistically significant
amount. Similar profiles were obtained from other jasper bands in traverses both across and along

different jasper bands, indicating that the jasper is chemically homogeneous.
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Figure2.S2: Plot of added Mo standard concetitravs. signal intensity (corrected for blank and
adjusted to a constant dilution factor of 2,500 and internal standard concentration of 4.4 ppb).
Note excellent cdinearity of unspiked and three spiked dilutions for all four standards.
Intercepts and spes of regression lines were used to calculate metal concentration in rock

standards as listed in Table 1.
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2.12.3Supplementary Tables
Table 2.S1: Concentrations (ppb) in international rock standards obtained via standard addition

Table S1: Concentrations (ppb) in international rock standards obtained via standard

addition
ppb As ppb Mo ppb Sb ppb T1
W-2 1260=64 4242 800=13 94=1
BHVO-1 829+34 909+4 126+0.3 42+1
JA-2 849+29 475+8 129+2 307+2
JA-3 44724128 1,567+17 278+2 203=+1
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Table 2.S2: Major (wt%) anlace (ppb) element geochemical results

Table S2: Major (wt%) and trace (ppb) element geochemical results

W-2 Preferred

1B-2 JA-2 IFG 231° 2.35
values
Si0," 52.68
ALO; 14.45 1.18 0.56
Fe,0; 10.83 18.94 19.74
MnO 0.167 0.10 0.10
MgO 6.37 1.17 1.24
Ca0 10.86 3.07 3.26
K,0 0.626 0.13 0.02
Na,O 22 0.03 0.03
P,0, 0.14 0.06 0.11
Lor®
Sc 36074 55694 19356 364 4693 2612
Ti 6354611 6929251 3964792 25655 224344 137628
Y 261597 578201 120349 1945 39204 19108
Co 44526 37036 29810 33692 3201 4186
Ni 69993 13669 139523 29139 10922 11812
Ga 17424 16380 16450 753 5001 3033
Y 20113 22223 15904 10398 5960 5973
Zr 87866 45030 105825 514 14368 5047
Nb 7275 485 9091 111 1124 494
Mo 423 944 549 578 233 333
Sb 709 201 131 596 393 390
La 10521 2251 15614 3410 2900 692
Ce 23216 6560 32699 4923 7184 2084
Pr 3025 1154 3726 535 1031 350
Nd 12911 6303 14153 2145 4577 1917
Sm 3266 2267 3003 463 1088 647
Eu 1094 826 879 422 274 184
Gd 3708 3233 3008 798 1221 849
Tb 615 581 477 130 178 133
Dy 3808 3934 2899 922 1024 863
Ho 803 884 612 240 208 198
Er 2222 2576 1723 733 581 594
Tm 327 392 259 107 89 94
Yb 2058 2549 1661 670 625 661
Lu 301 385 248 106 101 110
Hf 2356 1430 2748 14 251 100
Ta 454 35 654 201 29 21
\\% 240 269 1205 262931 233 196
Pb 7528 4976 18477 2709 2598 722
Th 2104 249 4686 50 258 181
U 505 156 2238 23 115 158
Pr/Yb 0.63 0.20
La/La* 0.95 1.02
Ce/Ce* 0.95 1.00
EwEu* 1.04 1.08
Gd/Gd* 1.03 1.08
Y/Ho 28.6 30.1

*Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

®No data available for samples measured by ICP-MS
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Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

2.42 2.55° 2.6° 4.1 45 4.8
Si0," 68.63
ALO, 0.16 0.58 0.44 0.12 0.16 0.15
Fe,0, 20.20 21.53 25.87 6.61 11.66 11.33
MnO 0.08 0.11 0.07 0.23 0.05 0.23
MgO 0.77 0.93 0.73 2.06 0.41 2.44
Ca0 1.55 2.66 1.45 5.59 1.49 5.47
K,O 0.04 0.03 0.05 0.03 0.04 0.04
Na,O 0.05 0.04 <0.01 0.04 0.06 0.07
P,0; 0.09 0.15 0.07 0.22 0.25 0.31
Lor 282
Sc 1384 3131 5774 2333 710 1551
Ti 59035 110653 157343 41494 61312 49010
v 10098 33960 30909 10604 16209 10608
Co 1925 2193 2197 1284 793 1211
Ni 11543 9605 11162 1637 3345 1541
Ga 631 4316 4150 312 288 168
Y 5707 6097 4753 10844 5733 7921
Zr 2738 11185 16908 4340 2832 1448
Nb 194 536 471 106 222 96
Mo 931 301 238 52 368 129
Sb 283 223 319 87 162 347
La 1035 712 859 775 550 812
Ce 2170 2383 2749 2502 1562 1950
Pr 297 416 412 415 236 265
Nd 1402 2384 1921 2216 1199 1266
Sm 352 1015 556 700 366 347
Fu 94 301 166 209 111 101
Gd 503 1342 744 999 576 516
Tb 84 189 126 168 95 93
Dy 618 1059 799 1176 670 719
Ho 162 209 180 293 167 196
Er 539 517 528 905 501 667
Tm 93 68 86 139 71 110
Yb 678 417 600 924 435 779
Lu 115 65 99 148 67 129
Hf 34 131 89 34 37 24
Ta 6 13 8 4 4 3
\\% 204 370 403 22 234 32
Pb 883 1108 1134 754 1126 510
Th 55 130 148 63 65 29
U 117 125 221 17 36 37
Pr/'Yb 0.17 0.38 0.26 0.17 0.21 0.13
La/La* 1.33 0.97 0.78 0.92 1.03 1.20
Ce/Ce* 1.05 1.01 0.95 0.98 1.03 1.07
EwEu* 0.96 1.17 1.09 1.08 1.07 1.01
Gd/Ga* 1.16 1.04 0.97 1.09 1.12 1.12
Y/Ho 35.3 29.1 26.5 37.0 34.3 40.4

°Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

"No data available for samples measured by ICP-MS
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Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

4.83 4.9 5 5.1 53 5.48
Si0," 71.51 68.79 75.15
ALO, 0.15 0.43 0.12 0.08 0.10 0.12
Fe,0, 21.41 25.72 21.33 21.05 18.77 19.61
MnO 0.08 0.08 0.01 0.01 0.01 0.06
MgO 0.86 0.69 0.07 0.03 0.06 0.44
CaO 2.15 1.46 0.48 0.45 0.45 1.51
K,O 0.04 0.05 0.02 0.02 0.02 0.02
Na,O <0.01 <0.01 0.02 0.05 0.02 <0.01
P,05 0.17 0.07 0.21 0.33 0.29 0.23
Lo 3.36 2.83 1.95
Sc 683 1065 782 491 495 1171
Ti 49643 110933 40048 38442 38156 58642
Y 17546 19486 11685 9297 8581 9352
Co 630 2367 960 706 715 1220
Ni 1988 3899 1244 1224 708 1133
Ga 281 278 167 130 97 106
Y 2475 2281 3384 5666 5072 5298
7r 2260 4346 2160 1951 2189 2558
Nb 124 219 101 91 109 139
Mo 382 497 126 378 274 280
Sb 1124 566 232 512 264 238
La 296 322 289 476 448 495
Ce 789 767 721 1183 1201 1283
Pr 105 101 105 172 183 182
Nd 471 445 529 883 946 907
Sm 123 117 137 219 232 223
Eu 36 34 40 63 67 66
Gd 179 161 230 369 377 355
Tb 32 30 41 67 69 68
Dy 248 236 327 541 540 535
Ho 68 63 90 150 143 148
Er 229 232 288 483 460 501
Tm 38 42 44 70 70 83
Yb 261 307 286 427 439 583
Lu 43 53 46 65 69 99
Hf 32 53 21 16 17 21
Ta 3 7 1 1 1 2
W 143 67 74 62 36 51
Pb 1060 812 319 479 266 287
Th 33 52 33 32 43 50
U 127 182 65 62 56 58
Pr/Yb 0.16 0.13 0.14 0.16 0.16 0.12
La/La* 0.97 1.08 1.18 1.25 1.12 1.16
Ce/Ce* 1.02 1.03 1.05 1.08 1.04 1.07
EwEu* 1.00 1.01 0.96 0.96 0.96 0.98
Gd/Gd* 1.10 1.10 1.15 1.17 1.12 1.08
Y/Ho 36.5 35.2 37.6 37.7 354 35.7

“Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

"No data available for samples measured by ICP-MS
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Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

5.6 9.18 11.68° 12.18° 135 13.6
Si0,° 72.49 79.64 70.4 68.26
ALLO, 0.13 0.07 1.77 0.87 0.63 0.69
Fe,0, 21.97 10.64 20.91 28.54 6.83 21.89
MnO 0.08 0.15 0.09 0.04 0.27 0.14
MgO 0.7 0.95 0.83 0.33 2.67 0.82
CaO 1.46 2.95 1.93 0.64 6.18 6.05
K,O 0.03 0.01 0.03 0.02 0.09 0.02
Na,O <0.01 <0.01 <0.01 <0.01 0.03 0.04
P,O; 0.05 0.04 0.06 0.04 0.11 0.20
Lo 2.61 4.39 4.16 2.18
Sc 1079 3003 16615 11307 6918 5767
Ti 74294 14069 749723 574084 214646 275979
A% 15468 5763 223928 143453 11406 38006
Co 2072 297 2691 2461 1235 2113
Nj 3464 553 12409 12625 2829 10936
Ga 403 82 14090 8519 682 3655
Y 3231 2363 46191 36753 10445 13131
Zr 3822 486 339358 273230 4121 9130
Nb 195 19 7047 4246 354 408
Mo 486 38 149 364 32 86
Sb 458 33 244 168 93 171
La 380 144 699 575 2240 467
Ce 870 310 2037 1930 4840 1507
Pr 113 43 304 310 665 268
Nd 499 241 1444 1537 2991 1420
Sm 135 63 549 534 737 400
Fu 38 19 225 205 258 120
Gd 196 99 1239 1119 979 701
Tb 36 20 374 306 175 129
Dy 298 179 3943 3156 1238 1048
Ho 87 57 1323 1053 314 310
Er 323 216 5303 4291 982 1167
Tm 59 41 1010 826 157 229
Yb 468 324 7474 6234 1069 1924
Lu 83 59 1266 1063 174 358
Hf 42 6 13345 10055 117 236
Ta 5 0 19 27 41 13
W 78 2 97 91 53 72
Pb 1027 301 12033 6046 809 1498
Th 49 18 1761 1204 604 101
U 164 19 198 165 38 28
Pr/Yb 0.09 0.06 0.02 0.02 0.24 0.05
La/La* 1.13 1.28 0.90 0.78 1.17 0.84
Ce/Ce* 1.04 0.98 0.98 0.95 1.00 0.91
EwEu* 0.95 0.96 1.05 1.04 1.27 0.98
Gd/Gd* 1.15 1.19 0.91 0.99 1.04 1.16
Y/Ho 37.1 414 34.9 34.9 33.3 42.4

"Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

°No data available for samples measured by [CP-MS
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Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

13.95 14.73 15.5 16.5 17.28 17.78
Sio,” 67.31 64.01 60.9
ALO, 0.11 0.88 0.10 0.64 0.11 0.15
Fe,O, 9.09 25.38 22.12 20.01 31.28 32.93
MnO 0.02 0.09 0.03 0.04 0.07 0.1
MeO 0.22 0.71 0.25 0.13 0.62 0.63
Ca0 0.87 2.02 1.22 0.62 1.43 2.34
K,O 0.01 0.03 0.02 0.03 0.02 0.02
Na,O 0.02 <0.01 0.03 0.05 <0.01 <0.01
P,0; 0.34 0.16 0.41 0.06 0.23 0.55
Lor 3.55 2.14 242
Sc 2007 3736 742 719 1277 1124
Ti 113272 274385 54396 57263 94533 59694
Y 9963 37129 10779 11769 11995 11845
Co 820 2190 641 595 1269 2038
Ni 1982 16309 1237 1155 1530 2631
Ga 204 6403 133 211 145 217
Y 10712 4774 5935 7040 6477 10330
Zr 2049 11747 2483 2784 3481 2893
Nb 130 388 135 146 177 137
Mo 49 180 75 58 113 126
Sb 40 200 383 410 347 256
La 806 290 485 532 651 1205
Ce 2566 794 1326 1646 1628 3010
Pr 431 129 194 255 216 410
Nd 2376 664 962 1267 1001 1895
Sm 537 198 221 333 227 459
Fu 143 66 63 96 66 125
Gd 713 350 340 516 352 664
Tb 127 63 65 95 70 126
Dy 1021 473 548 760 588 1032
Ho 288 128 155 203 170 284
Er 932 427 539 665 597 934
Tm 142 73 89 103 105 146
Yb 902 525 632 671 788 951
Lu 141 92 103 105 135 154
Hr 40 265 26 29 54 34
Ta 12 11 3 3 5 4
W 29 70 32 40 25 82
Pb 566 1065 562 668 582 1072
Th 147 102 37 49 56 67
U 64 29 39 25 30 244
Pr/Yb 0.18 0.09 0.12 0.15 0.11 0.17
La/la* 0.98 1.03 1.05 0.89 1.11 1.08
Ce/Ce* 1.01 0.97 1.04 0.98 1.07 1.04
EwEu* 0.96 1.08 0.96 0.98 0.96 0.93
Gd/Gd* 1.17 1.11 1.14 1.14 1.11 1.13
Y/Ho 37.2 37.4 38.2 34.6 38.0 36.4

"Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.
"No data available for samples measured by ICP-MS
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Table S2: Major (Wt%) and trace (ppb) element geochemical results (cont.)

18.4° 19.58" 21.13 21.58 21.68 26.18
Si02b 80.57 80.15 60.23 62.54 64.31 70.93
Al O; 242 0.14 0.14 0.14 0.14 0.15
Fe,0; 11.51 11.33 28.19 34.83 33.17 13.49
MnO 0.06 0.15 0.18 0.02 0.02 0.23
MgO 1.16 1.31 1.09 0.16 0.2 1.38
CaO 1.49 2.98 4.06 0.85 0.72 6.09
K,O 0.14 0.02 0.02 0.02 0.04 0.03
Na,O <0.01 <0.01 <0.01 <0.01 0.15 <0.01
P,Os 0.34 0.21 0.37 0.43 0.36 1.08
Lor’ 2.66 4.29 5.09 0.71 0.76 6.62
Sc 5220 493 1236 1050 667 1114
Ti 182296 45014 48249 82750 64648 39606
\ 88326 4841 6387 23097 16183 2769
Co 994 144 521 778 429 670
Ni 3422 366 914 1484 801 859
Ga 3331 81 86 182 142 62
Y 6254 6514 8679 5369 4345 13123
Zr 5276 1372 2934 4140 2459 1972
Nb 502 116 112 334 181 113
Mo 37 25 59 98 89 70
Sb 77 28 222 576 375 115
La 665 1668 545 838 648 896
Ce 2730 4877 1684 2153 1649 2308
Pr 521 782 285 286 227 333
Nd 3084 4135 1470 1313 1042 1605
Sm 942 693 410 334 277 430
Eu 263 161 121 94 80 122
Gd 1096 714 632 494 409 699
Tb 163 107 115 89 75 129
Dy 973 733 886 675 566 1061
Ho 206 182 239 174 145 309
Er 529 523 785 574 475 1107
Tm 66 72 127 97 79 188
Yb 368 416 892 691 554 1346
Lu 52 62 147 113 920 225
Hf 121 30 25 48 38 25
Ta 10 5 2 5 4 4
W 63 16 24 88 62 12
Pb 851 434 503 817 561 352
Th 130 54 48 81 68 46
U 26 21 35 67 51 22
Pr/Yb 0.54 0.72 0.12 0.16 0.16 0.10
La/La* 0.77 1.03 0.88 1.09 1.04 1.07
Ce/Ce* 0.95 1.01 0.93 1.06 1.02 1.02
EwEu* 1.13 0.97 1.01 0.98 1.00 0.95
Gd/Gd* 1.05 1.19 1.10 1.09 1.09 1.17
Y/Ho 30.3 35.8 36.3 30.9 29.9 42.5

“Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.
"No data available for samples measured by ICP-MS
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Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

27.08 27.13 31.63° 32.18 33.21 33.32
Si0,” 67.18 67.73
ALO; 0.08 0.1 0.14 0.13 0.29 0.08
Fe,0, 29.53 30.55 24.02 17.99 18.44 29.77
MnO 0.04 0.02 0.04 0.01 0.02 0.01
MgO 0.24 0.14 0.24 0.07 0.07 0.01
CaO 1.03 0.75 1.54 0.59 0.26 0.12
K,O 0.02 0.02 0.02 0.03 0.02 0.02
Na,O <0.01 <0.01 0.04 0.08 0.04 0.05
P,0; 0.27 0.38 0.81 0.31 0.07 0.11
Lor’ 1.23 0.56
Sc 613 812 3407 519 1308 518
Ti 40914 40800 144072 79155 76539 38929
\Y% 8048 9883 83306 13842 25891 17770
Co 832 743 1319 794 1325 1459
Ni 991 1037 3871 997 3267 1833
Ga 80 85 3852 194 1206 165
Y 5825 11377 2823 5223 2981 2800
Zr 2416 2637 12854 1917 4857 2207
Nb 132 163 1403 160 262 125
Mo 116 131 110 269 264 548
Sb 254 296 199 250 158 281
La 493 1035 254 385 254 187
Ce 1149 2820 762 1094 568 515
Pr 195 508 122 162 99 98
Nd 1004 2540 599 839 484 494
Sm 242 624 199 221 143 145
Eu 68 171 67 68 43 45
Gd 386 888 304 338 229 225
Tb 65 147 54 59 43 43
Dy 494 1080 391 462 339 332
Ho 137 288 96 131 93 89
Er 448 915 318 444 324 303
Tm 70 139 54 68 57 49
Yb 459 862 392 436 437 331
Lu 75 135 66 69 76 54
Hf 24 26 447 25 44 20
Ta 2 2 8 6 4 2
W 38 44 123 43 94 79
Pb 337 2518 2274 899 8422 678
Th 24 30 89 48 42 26
U 56 87 53 43 71 88
Pr/Yb 0.16 0.23 0.12 0.14 0.09 0.11
La/La* 1.14 0.87 0.87 1.10 1.06 0.83
Ce/Ce* 0.92 0.85 0.94 1.07 0.86 0.81
EwEu* 0.97 0.99 1.15 1.06 0.99 1.02
Gd/Gd* 1.19 1.16 1.06 1.18 1.08 1.05
Y/Ho 425 39.5 29.3 39.9 32.2 31.5

“Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

"No data available for samples measured by ICP-MS

90



Table S2: Major (wt%) and trace (ppb) element geochemical results (cont.)

33.61 33.91 34.11° 345
5i0," 79.98
ALO; 0.09 0.08 0.12 0.54
Fe,0, 20.24 22.56 9.71 16.6
MnO 0.01 0.01 0.01 0.03
MgO 0.00 0.01 0.01 0.17
CaO 0.05 0.03 0.13 0.12
K,O 0.02 0.02 0.02 0.02
Na,O 0.02 0.04 0.03 <0.01
P,O. 0.04 0.04 0.07 0.03
Lor 2.53
Sc 348 733 79 802
Ti 46383 38349 61272 66170
\Y 15616 14124 15047 21551
Co 668 985 85 1302
Ni 1080 877 468 3143
Ga 125 201 204 1238
Y 1027 1663 1399 2225
Zr 2432 2336 1075 2244
Nb 149 127 151 115
Mo 347 465 172 469
Sh 173 314 142 89
La 128 138 190 222
Ce 277 322 494 552
Pr 41 49 89 88
Nd 185 234 498 444
Sm 50 67 167 128
Eu 15 20 49 4
Gd 74 99 213 163
Tb 15 21 31 30
Dy 120 173 181 227
Ho 33 50 39 61
Er 124 186 103 217
Tm 23 34 14 38
Yb 177 248 80 279
Lu 30 42 11 46
Hf 22 22 17 30
Ta 2 1 2 3
W 39 86 77 65
Pb 343 655 453 624
Th 27 18 28 24
U 52 78 27 40
Pr/Yb 0.09 0.08 0.43 0.12
Lala* 1.09 1.10 1.14 1.09
Ce/Ce¥* 0.93 0.96 0.95 0.96
Ew/Eu* 1.01 0.97 1.14 1.17
Gd/Gd* 1.06 1.06 1.07 1.08
Y/Ho 312 333 36.1 36.2

°Eliminated from interpretation due to non-seawater REE+Y pattern. See Fig. 5B.

°No data available for samples measured by ICP-MS
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Chapter 3: Mo isotopic composition of the midNeoproterozoic

ocean: an iron formation perspective

3.1 Abstract

The NeoproteroaZoc was a maj or turning point in Ear
several widespread glaciations, the first appearance of complex metazoan life, and a major
increase in atmospheric oxygen. Marine redox proxies have resulted in many different estimates
of both the timing and magnitude of the increase in free oxygen, although the consensus has been
that it occurred following the Marinoan gl aci
event. A critically understudied rock type of the Neoproteimzoiron formation associated with
the Sturtian (first) glaciation. Samples from the <716 Ma Rapitan iron formation were analysed
for their Re concentrations and Mo isotopic composition to refine the redox history of its
depositional basin. Rhenium conte&tions and Re/Mo ratios are consistently low throughout the
bottom and middle of the iron formation, reflecting ferruginous to oxic basinal conditions, but
samples from the uppermost jasper layers of the iron formation show significantly higher Re
concentrations and Re/Mo ratios, indicating that iron formation deposition was terminated by a
shift towards a sulfidic water column. Similarly, f’fMo val ues are cl ose to
most of the iron formation, touThedMosfremt o ~+0. 7.
samples of ferruginous to oxic basinal conditions are the product of adsorption to hematite,
indicating that the Neoproterozoic open ocean may have i@ of ~1. 8&. Toget h
the now welestablished lack of a positive Eu aradynin Neoproterozoic iron formations, these

results suggest that the ocean was predominantly oxygenated at 700 Ma
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3.2Introduction

The Neoproterozoic was a critical time in =
gl obal A s n o widtiank(KirscBvink, 1982andghe aubsequent appearance of the first
complex metazoan lifee.g., Canfield et al., 200.7ne of the most significant developments in
the Neoproterozoic was a major rise in atmospheric oxygen content and the apparently
concomitant increase in marine oxygenat{@ch and SheildZhou, 2012) This ventilation of
the ocean represents a major change from conditions earlier in the Proterozoic. Following the
Great Oxygenation Event (GOE) between 2.4 and 2.B@lkker et al., 200), the ocean
apparently remained unoxygenated at depth throughout the BatétMesoproterozoic. The
precise redox conditions of the deep open ocean during this time are subject to considerable
debate, and it has been suggested that the global deepa@=esanlfidic during this time
(Canfield, 1998)Studies using both iron speciati@g.,Shen et al., 2002; Poulton et al., 2p04
and molybdenum isotopéarnold et al., 2004)nitially supported this interpretation. More
recent work has shown, howevtrat the deep ocean was probably ferruginous or even locally
oxic during this intervafe.g.,Slack et al., 2007; Poulton et al., 2010; Planavsky et al.,)28ad
remained so into the early to middle Neoproterogeig., Johnston et al., 201@nd perhps into
the EdiacaraKe.g., Canfield et al., 2008; Li et al., 201The growing consensus is that the
Proterozoic water column was oxygenated at shallow depths, had ferruginous deep water, and
contained limited, neashelf, middepth sulfidic conditionaround areas with high biological

primary productivity and organic carbon buriBbulton and Canfield, 2011)

The gradual redox evolution of the ocean is reflected by several geochemical proxies,
including Mo concentrations in black shalesy., Scott eal., 2008) which show a distinct,
threestep increase over time, corresponding to the GOE and the late Neoproterozoic rise in
oxygen (ANOEO) , respectively. This gradual i n
implied commensurate rise in seawdikr was explained as the result of more widespread
anoxic and sulfidic water masses in the ocean than prevail today. Accordingly, the Mo inventory
of seawater was limited prior to the NOE by Mo fixation into sediment below sulfidic water
masses (Scott et.aR008). Due to this increased Mo fixation rate, it is generally assumed that the
d*®Mo composition of Proterozoic seawater would have been isotopically light, because under

high sulfide concentrations Mo is scavenged from ambient seawater withoutsignigiotope
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fractionation(Neubert et al., 2008 his behaviour would result in Proterozoic seawater being
01.0& lighter than its modern counterpart, as
(Arnold et al., 2004) and early Neoproterozoic agehizt al., 2011). These interpretations rely

on the assumption that the studied shales were deposited in basins with full connectivity to the

open ocean and that other redox proxies can reliably distinguish between sulfidic, ferruginous, or
oxic conditiors. Their validity notwithstanding, these studies represent all but two data points
covering a time interval in excess of one billion years, clearly indicating the need for further work

in this area.

An additional, unusual attribute of the Neoproterozois Wi deposition of iron
formation, which, with very few exceptions, had not occurred since the late Paleoproterozoic
(Bekker et al., 2010Although the ocean had apparently remained ferruginous throughout the
Mesaand early Neoproterozoic, very littleom formation was deposited except during the <716
Ma Sturtian glaciatiotMacdonald et al., 2010a; 2010kith a few older (e.g., Slack et al.,
2007) exceptions. Numerous models have been proposed to explain the causes for the return of
iron formation,ad t he devel opment of the widespread 0fis
critical in the development of these mod@sy.,Klein and Beukes, 1993; Baldwin et al., 2p12
Equally important was the development of a complex water column redox sthayigsapilar to
that described by Poulton and Canfield (2011), which allowed for the-lypiitd significant
dissolved iron in basins that deposited iron formations (Baldwin et al., 2012).

The least understood aspect of Sturtian iron formation is its ayplyaarupt termination.
Did a sudden influx of clastic detritus overwhelm deposition of hydrogenous sediment, or did
water column chemistry change sufficiently to make the iron deposition impossible? Using trends
in authigenic Mo enrichment, Baldwin et §2012) proposed that the water column was
becoming more sulfidic towards the end of iron formation deposition, which eventually stopped
the oxidation of dissolved ferrous iron to ferric iron dxydroxides. This proposal was built on
the elemental Mo pegy only. In the present study we set out to test this hypothesis more
rigorously. Using jasper samples from the Rapitan iron formation,-m@sitern Canada (Fig.
3.1A) that have already been characterised according to their sedimentology and theittrare ea

element (REE+Y), Mo, and U chemistry, we preséiilo and Re elemental data to elucidate
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the causes of the termination of iron formation deposition and provide insight inf&Nte

composition of middle Neoproterozoic seawater.

3.3Sampling and andtical methods

3.3.1Stratigraphy and sample selection

A continuous stratigraphic section through the Neoproterozoic Rapitan iron formation,
Northwest Territories, Canada (FRBJ1A), was documented at centimeseale. Previously
described by Baldwin &tl. (2012), the iron formation at this location is 35 m thick, and is
underlain by purple hematitand clastich diamictite with localised channels of clssipported
tan polymictic conglomerate (Fig.3). The iron formation is of the oxidacies typewith the
iron mineralogy consisting of jasper and hematite, and accessory calcite and dolomite present in
small but variable abundances. Texturally, the iron formation is characterised by interbedded
jasper and massive hematite beds, or banded iron form@lF), and is in nearly equal
proportion to intervals of massive hematite with zoned, lensoidal jasper noduf® @hrbin
diameter. Glacially derived dropstones are common throughout the iron formation, occurring in
such high concentrations at sevératizons as to constitute a hematiatrix diamictite. Thin
siliciclastic intervals of siltstone and polymictic conglomerate are also presé@tqis thick).
The iron formation is sharply overlain by tan to grey, efasir diamictite (Fig.1B, C), which
contains a thin interval of hematibearing diamictite consisting of reworked iron formation
clasts several metres above the uppermost intact iron formation laye3.{|By. Textual
evidence from dropstones indicates that, at a minimum, partialdétidn occurred fairly early:
even large dropstones (up to 15 cm) penetrate bedding by only a maximum of half the diameter
of the dropstone (Fi@.2A). Similarly, textural evidence from hematite microbands shows that in
addition to fairly early compactioand partial lithification, any primary iron mineralogy was
converted to hematite very early in the diagenetic process, with bands at-thélisoétre scale

preserved both in outcrop (Fi§.2B) and at the microscopic scale (RBRC).
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Sampling focusskon jasper beds as opposed to nodular iron formation, for reasons
explained in Baldwin et al. (2012). Jasper beds were mechanically separated from associated

hematite beds, and all samples reported here are from jasper beds in the iron formation interval.

3.3.2Digestion and trace element analysis

In view of the anticipated low Mo and Re concentrations, special care was taken to test
reagents for blank levels prior to the analyses. The main source of blank was found to be HF, and
for this reason, a dedieat batch of HF was produced by sadiling 5-fold distillation. The total
procedural blank for Mo trace element analysis (i.e., digestion, dilution, and analysis) was
determined in duplicate, and yielded 0.100 and 0.093 ng, respectively. Trace eleneritsaoth
Re were determined by solution IBFS, and Mo analysis was calibrated with a dedicated
standareladdition experiment (Baldwin et al., 2012). The accuracy of the Mo data was tested by
comparison with data obtained by isotope dilution (see se8a®) and was found to be
excellent (Suppl. Fig3.1). Analyses took advantage of the high Si content (typically >65 wt%)
of the samples, which results in low matrix load of the final solution (due to loss of Sikpas SiF
This afforded very low detection lits, as explained in Baldwin et §2011)

3.3.3Rhenium

Sample stock solutions from trace element analysis of jasper samples used in Baldwin et
al. (2012) were spiked with 20 pg of enricH&®Re. The spiked solutions underwent a modified
column separatn chemistry after Fisch&€ddde et al(2011)to remove elemental matrix for Re
analysis. The purified Re solutions were analysed for isotope composition by isotope dilution
inductively-coupled plasma mass spectrometry-(@»-MS) on a Thermo X series djuadrupole
ICP-MS at Laurentian University. Mass bias was estimated using the stesadapdestandard
bracketing technique. Full errors in weights, spike composition, mass bias, and analysis were

propagated ¢ ) .

For the lowestoncentration samples thargest sources of uncertainty were the blank
contribution (determined in triplicate to be 0.18+0.04 pg) and-spiking. In the very lowest
concentration samples, the blank contributed up to 40% of the total Re. The samples were spiked

with 20 pg of***Re from an anticipated 800:1 mass ratio of Mo:Re, derived from exploratory
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laser ablation ICRMS (LA-ICP-MS) analysis of samples from the uppermost iron formation

strata. These samples proved to be the ones with the lowest Mo:Re. Regardless of the large
relative errors on the singldigit ppt data, the critical aspect of the data was that the majority of
samples have exceedingly low Re contents. Rhenium concentrations were calculated based on the

known natural isotopic abundancesRe and'®’Re, and theecorded mass of addétiRe.

Accuracy of the method was tested by analyses of the rock reference materialsIBHVO
BCR-2, and Scdl. The Re concentrations obtained for these materials are slightly higher (6.5%
for Scel, 6% for BHVO2 and 19% for BCR) than those published by Meisel and Moser
(2004) who did not digest with HF. According to Meisel et(2009) this outcome is because
HF digests release Re held in silicates (e.qg., clinopyroxene in the basaltic reference materials
BHVO-1 and BCR2).

3.3.4Mo isotopes

The Moisotope data were obtained on aliquots of the same powder used for the trace
element analysis. This had been carefully obtained from thin slices adjacent to thin sections.
Between 0.63 and 1.44 g of powder aliquot was digested withmi#ture of 5fold distilled HF
and 3fold distilled HNG;. The resulting solution was then spiked and split in two to allow for
duplicate analyses. AMo-°"Mo double spike was used to enable corrections for mass biases
produced during chemical separat@and MCGICP-MS measurement. The use of a dotdpéke
allows for the simultaneous determination of the Mo isotope composition and the Mo
concentration using isotope dilution. The Mo concentration can be determined to a precision of
+2% (Greber et al. 20)2Molybdenum was separated from the sample matrix using a sequential
procedure involving anion and cation exchange chromatography, as described in Wille et al.
(2007) The anion chromatography was employed twice, to ensure total Fe removal. For each
chemcal separation step, 3kstilled HCI and HNQwere used, resulting in a procedural blank
of O 1.5 ng Mo.

The d®®Mo composition of all samples were analysed using a defablessing Nu
Instruments™ MC-ICP-MS system (Wrexham, Wales, UK). Measurement procedure and
doublespike calibration are describedGreber et al(2012) employing the doubitepike

mathematics outlined in Siebert et@001) The precision under intermedigieecision
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conditions is better than NO.1a&4 (2SD) for bot
610 and 612 glassesee Table 1 and Greber et al. 2012). A Johnson Matthey ICP standard

solution (lot 602332B) was used as reference materia®™%o composi tion is 0.2
than the NIST SRM 3134 and 2.34a | ower than t
2012).

3.4Results

3.4.1Rhenium

Rhenium concentrations range from 2.3 to 358 parts per trillion (ppt), with a mean value
of 39.8 ppt, and a median of 9.7 ppt, reflecting a strong bias in the dataset towards low
concentrations. Eleven out of 22 samples have mveentrations of Re, with less than 10 ppt,
whereas eight others have concentrations in the dalidpkeppt. Only three samples contain
>100 ppt Re, all from the top of the stratigraphic section, and all leaving reduced carbon stains in
the digestion beadts. Singledigit Re concentrations are distributed throughout the section,
whereas doubtdigit values are restricted to the bottom and middle of the succession. Recorded
Re/Mo ratios, an extremely sensitive indicator of marine redox cond{gons Crsius et al.,
1996;Nameroff et al., 2002Morford et al., 2005;)ranged from 6.49x1%to 1.02x10°
(ppb/ppb), with mean values of 1.93%1Eighteen of 22 samples have Re/Mo ratios well below
the average modern seawater ratio of 8.0x®attan and Peee, 2009) whereas two of the
three samples from the top of the section show higher Re/Mo ratios than modern seawater (Fig.
3.3).

Rhenium has a very low crustal abundance, and is rendered completely soluble during
oxidative weathering, thus minimizingitetrital flux to the marine realm. Consequently,
absolute concentrations can be used as a redox proxy in most sedimentary rock types without
significant influence of detritally sourced Re. In clean hydrogenous sediment such as jasper, with
very low Al cantent, the clastic mineral contribution to the total Re inventory is negligible. In the
present dataset, there is no correlation between Re concentration and common clastic indicators
such as Al, Sc, or Th. Under oxic marine conditions, Re is preserd hgtily soluble
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perrhenate ion (ReQ, but Re becomes reduced and more insoluble at oxygen levels just below
the oxygen level at which U and Fe reduction take place, and well before the appearance of free
H.S (Morford and Emerson, 1999n this contextthe limited fixation rate throughout most of

the iron formation implies predominantly oxic conditions. The appearance of significantly higher
Re concentrations at the top of the section, however, records a pronounced shift towards
increasingly anoxic conibons. This shift is also recorded by elevated Re/Mo ratios in the same
samples. Typically, Re/Mo ratios well below those of modern seawater record oxic conditions,
despite very low, depleted concentrations of both elements. This is due to the conipédnigtive

(but absolutely very low) fixation rate of Mo through adsorption to Fe and Mihgagoxides in
comparison to Re, which is unaffected by Fe and Mn cycling (Crusius et al., 1996; Morford and
Emerson, 1999). Sedimentary Re/Mo ratios significanthatgrethan that of modern seawater, in
turn, record suboxic to anoxic conditions due to strong Re fixation relative to Mo. Selikeater
ratios record sulfidic conditions due to strong fixation of both Re and Mo, thus preserving the
ambient metal budget (Gsius et al., 1996). Samples from the top of the iron formation alternate
between greater than and less than the modern seawater ratio, but clearly remain close to that
value. This result suggests that, at the top of the section, the marine redox cendgstien

becoming increasingly anoxic, and possibly mildly sulfidic.

3.4.2Mo isotopes

Molybdenum isotopic data, expressedi&@lo, rangefrom0 . 22 t o +0. 714, Wi
intherangeof 0.08 . 10a4. Throughout mostd®ddisat he stratig
approxi mately crust al (0.0a) to slightly nega’
towards heaviet®™ o, with a value of 0.374 NO.10&, but
fractionation levels similar to those seen in lower strata. The uppermossanneées all have a

significantly heavier Mo isotope signature, witfiMo v al ues of 0.51, 0. 71,

Crustald®o i s appr o xeig.Bading ktyl., ZDO1Pith crustal igneous
rocks generally betwee® . 1 & t o(SiebérteBah, 2003P u b | i *&8Vio eatlies f crustal
MoS;vary widely over a f%w pearl umi(Greberbtdli, 4tdhe ave
2011) Modern open ocean water i s homogeneous wi
or water deptlie.g., Nakagawa et al., 2P; Siebert et al., 2003\pparent variability between
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other published®®Mo values for ocean water are probably due to different standards used in

different laboratories, rather than a reflection of true ocean water heterogeneity (cf. Greber et al.
2012,Nakagawa et al., 2012). In the standardisation used here, the Mo isotope ocean water value

is +2.34 a (see Methods). Mo i sotopes have be:
ocean watergMosoni MoO4? = 0.997) down ta®®Mo values 0f0.1t0-0 . 8 & t hrough su
adsorption to Mroxides(e.g., Barling and Anbar, 20Q45ractionation on the surface of

hematite, goethite or ferrihydrit€oldberg et al., 20093 somewhat smallea(Mosopi M0O,™?

=0.998, 0.9985, and 0.999 respectively). By comparig8hlo signatures from modern

sediments deposited under high sulfide concentrations show much less fractionation from modern

seawatefNeubert et al., 2008gssentially preserving the sester Mo isotopic compaosition.

Thed®Mo values from samples low in the stratigraphic sectbn (22 t o +0. 06 &)
range that would be expected from hematdsed Mo scavenging from ocean water with a
modern Mo isotopic composition. TiiE’Mo signatues documented at the top of the iron
formation (+0.51 to +0.71a), however, fall fi
trend towards anoxic conditiofBoulson et al., 2006and are significantly heavier than is
expected in hematiech rocks.

According to scientific consensus, iron formation was formed BYtFansformation to
Fe’* at a mixing zone with oxidizing seawater, precipitating as Fe{@atYicles. The phase that
most closely resembles this among thepFexipitates investigateby Goldberg et al. (2009)
might therefore be goethite. However, the solioRase observed in the Rapitan IF is
exclusively hematite. The basis for most models of cfadees IF is that the Fe(Oklparticles
dehydrated to hematite prior to compactidherefore, oxide facies BIF should preserve pre
compaction particles of hematiteKr a p e § e FEurtherimore, the2pbeSeBration of primary
sedimentary textures in the hematite in samples analysed here suggests that the precursor mineral
converted to hematite very early (F&RRA, B, C). Even if does not form in the water column,
but is the product of the transformation of an earlier metastable phase, hereiidibeates
with ocean water as long as it stays in contact with bottom water. Therefore, we consider

hematite to be the relevant stablegfase in further discussioficcording to Goldberg et al.
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(2009), the adsorption of Mo on hematite resu|l

unless extreme removal is assumed.

3.5Discussion

3.5.1Metal enrichments, Re andd®®Mo

A proper understanding of the implicatiorfaite documented Re andMo
compositions of the Rapitan iron formation requires direct comparison to other, simpler redox
proxies, such as the authigenic elemental enrichments of the sedsitive Mo and U, expressed
as unitless enrichment factors (M@nd Usr, respectively). In this study, enrichment factors
were calculated by doublermalising Mo and U to the Al concentration and the upper
continental crust composite Mu@n alluvial sediment average, Kamber et al., 200&g the
formula EF= ([XkampidAl sampid/([X] muo/Almug, X= either Mo or U concentratiorgsf., Algeo and
Tribovillard, 2009 and ref. within)Comparison to these elements is particularly useful, in that
their behaviour in marine systems is well understood, and their redox\sgesitiracket those
of Re, and also because enrichments of Mo and U have been a crucial line of evidence in the

development of recent depositional models for Neoproterozde. ¢f, Baldwin et al., 2012)

The stratigraphic distribution of Re concentratias similar to U enrichment factors
throughout the thickness of the iron formation (Fig. 3). This covariation is because both elements
are fixed under suboxic to neulfidic anoxic conditions, although Re requires slightly more
reducing conditions foits fixation than does U. At the base and middle of the section, both
elements show low to moderate enrichments (U) or concentrations (Re), but both values increase
towards the top of the IF. Uranium, although only modestly enriched overall, shows iggstron
enrichment at the bottom and in the middle of the section. Zones of increased U enrichment
probably record open marine conditions at a redox level in the vicinity of Fe oxidation, because U
and Fe oxidise at approximately similag l®vels, although &ow this threshold U fixation
increases, whereas Fe solubility increases. Thus, horizons with the lowest U enrichment may
record the zones of greatest iron oxidation and fixation. The general increase in U enrichment and
substantial increase in Re conegatibn at the top of the iron formation indicate that marine

conditions became more anoxic near the end of iron formation deposition.
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Rhenium also roughly mirrors the distribution of thedWitthroughout much of the iron
formation. The main difference isdlelevated Mo enrichment at the base of the section, which
has been interpreted to reflect brief, mildly sulfidic conditions at middle water depths
immediately following glacial ice withdrawéBaldwin et al., 2012)without driving significant
Re fixation Thus, it can also be assumed that adsorption of dissolved Mo abédriog phases
onto Fe colloids may have been a factor. This is reflected by the weak correlation bet@®en Fe
and Mo in samples with moderately high concentrations of both (Baldwain €012), resulting
in elevated Mo enrichment at the bottom of the section without commensurate Re enrichment.
The pronounced increase in both the Re/Mo ratiodfio, paired with very low Mo
enrichment may at first seem counterintuitive. The mostaasvexplanation is that this
arrangement could reflect a decrease in the oxidation state of the water column towards increased
ferruginous conditions. Decreased production of Felopdroxides would accompany an
increase in ferruginous conditions and wdliridit both the Mo fixation rate (explaining the low
Mogr), as well as the influence of hematite on the Mo isotopic budget, thereby allowing an
increase i®™Mo. This change would have been sHored and fairly mild. Although the Re/Mo
ratios show a sting increase, this is less driven by an increase in Re fixation, and much more
strongly caused by the decrease in Mo fixation rates. Thus, this brief increase in Re/Mo and
d*®Mo can be explained as a decrease in the Fépayoxide production rate due adbrief,
slight decrease in oxygen availability in the water column. At the top of the iron formation,
however, both Re concentrations andgshow a marked increase, which is coincident with
elevated g values and Re/Mo ratios that are comparable teetlod modern seawater. The
increased Mo enrichment at this stratigraphic level, paired with the seawater Re/Mo values,
shows that marine conditions during deposition of the uppermost iron formation beds were

rapidly transitioning from an oxic to suboxictaic regime towards mildly sulfidic conditions.

If it is accepted that adsorption to hematite was the dominant fractionation process of Mo
isotopes at the base and throughout most of the middle of the iron formation, an ocean water Mo
isotope compositonfo ar ound +1. 84 can d°osigmfuresrinrtied f r om

jasper. The three stratigraphically highest samples, however, show tiigflervalues, from

t

+0.51 to +0.71a. Ot her gandReiMd)dnditate midly sulictkcs e s a m

conditions. This apparent mutual inconsistency betweed’fMo and trace element enrichments
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could be resolved if deposition of significant volumes of hematite or other irchyapxides
continued at this stratigraphic level. In summary, the data ateskplained if hematite

deposition and (weakly) sulfidic water conditions coexisted.

Four hypotheses may h ®Vopaluesthaeagcpnipany n t he i n.

increasing anoxia at the top of the section:
1) Seawated™Mo i ncreased by ~0.74&;
2) Diagenetic #ects were imposed by the overlying diamictite;

3) Thé®™d of |1 ocal water increased by 0.74& du
effect);

4) Alpha, (the fractionation factor) changed.

Considering hypothesis 1 first, we note that a general increasesgahated® Mo
cannot be definitively tested using the present data set. However, a sudden increase by about
0.7a, coincident with a | ocal adhacasgumptiom r ed o X

with relative low probability.

With regard to hypothés 2, it is important to recall that the trend in all geochemical
proxies towards an anoxic water column occurs exclusively in the uppermost metre of the iron
formation. The iron formation is immediately overlain by #r@matitic glacioclastic sediment
(Fig. 3.1B, C), which therefore do not have the strong negative Mo isotope fractionation to Fe
phases. The heavidt®™o composition (and the rest of the chemical proxies) from the top of the
section could be diagenetically mixed with the pore water of tn@aggllastic sediment, which
was shown to be possible in Goldberg ef2012) The possibility of diagenesis strongly
influencing thed®Mo composition is deemed less probable, based on the fact that the top of the
iron formation was mostly lithified befe the diamictite was deposited, as shown by the presence

of angular, reworked jasper clasts low in the diamictite.

Addressing hypothesis 3 (basin effect), the key criterion is &tV increase of the
| ocal water by 0. 7a weslbetotingresmiaed and thdt sigaificantyh e b a
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more Mo was being sequestered. For example, Nagler et al. (2011) showed that in the Black Sea
the anoxic water mass has™®™o composi ti on of about 0.4 to O.
water. However, for the I6tudied here, REE+Y patterns (reported in Baldwin et al. 2012) do not
change stratigraphically, and lack evidence for increasing water restriction overall. Hydrogenous
sedimentary rocks from epbntinental basins have REE+Y patterns that are differemt tihose

of the open oceafe.g., Kamber et al., 2004Furthermore, covariance plots betwegiMo and

several trace element proxies (Mo, MdRe, and Re/Mo) clearly demonstrate that their

enrichment is independent of the Mo isotopic composition: samyileelevated®®Mo (d**Mo

> 0.20a) f or-parakel tanorparallehtierid with uebpect to each of these proxies

from samples with lowed®Mo values (Fig3.4A-D). Not only does this support the

independence of the trace element proxies ftoaprocesses that drove Mo isotopic

fractionation, it also dissociates ti¥Mo values from both the absolute Mo concentrations and
relative Mo enrichment (Fi§.4A, B). This strongly indicates that under all redox conditions, the
d*®Mo signature of theeslimentwas controlled by processes that were distinct from those that
controlled the elemental redox proxies. These observations render the basin effect an improbable

explanation for the documented Mo isotope stratigraphy.

Finally, concerning hypothesis # is important to recall that in general terms the Mo
isotope fractionation factor can vary based on the redox condition of the(eugteNagler et al.,
2011; Neubert et al., 2008; Poulson et al., 20B6wever, most studies attribute such
fractiondion to the formation of authigenic fselfides in the water column or in pore waters
under anoxic water columns. In the studied jasper, all samples are consistently composed of
guartz and hematite, and so a change of the fractionation factor thattsdlehges in the
mineral precipitate species can be excluded. It has to be considered, though, that Mo isotope
fractionation factors for adsorption on hematite under reducing conditions are not known.
Apparently, as the seawater at the time of the uppsirpaot of the Rapitan IF was turning
anoxic, itsd®®Mo signature adjusted to the smaller Mo isotope fractionation factor that prevailed

under such conditions.

In summary, the first three hypotheses are all cotintecated to various extents by other

evidence, leaving the fractionation factor model as the only possible explanation. Given-the non
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actualistic formation of these sedimentary rocks, a firm conclusion on the mechanistic processes
resulting in a change of the fractionation factor (hypothesigdfhot be drawn. However, this
hypothesis is compatible with all observations made: it explains the documented cfiltan

based on observed changes in the water column, is not in conflict with the elemental redox
proxies that record a shift towards &g and results in Mo isotopic signatures that are

significantly heavier than is typical for hematite adsorption, but which are also lighter than the
ambient Mo isotopic composition of seawater.

3.5.2Implications for Neoproterozoic iron formation

The tace element and Mo isotopic data show that throughout the majority of iron
formation deposition, marine redox conditions in the basin were predominantly driven by a
combination of oxic and ferruginous conditions, as reflected by the large volume of Bematit
deposited in the iron formation, together with the low Mo enrichments, Re concentrations, and
Re/Mo ratios. At the top of the iron formation, however, all available proxies indicate that the
basin conditions were becoming anoxic to slightly sulfidic. Magked increase in the fixation
rates of U, Mo, and Re shows that the redox state of the water column dropped well below the
oxygen levels required for the oxidation of F® Fe”. This pattern is perhaps best illustrated by
the elevated Re/Mo ratios heh are comparable to those of modern seawater. Furthermore, the

shift towards markedly positivi®®Mo values shows a decreased fractionation from presumed

ambient seawater conditions, with a maximifiMo of +0. 714a4. This value
lowerthanqpr evi ous esti mates for the Mo isotopic co
Arnold et al., 2004) and early Neoproterozoic(l1®. 1a; Dahl et al ., 2011)

conditions were gradually driving more complete Mo fixation, with an evolvexgtibmation
factor, thus Mothamwbilchbg expettddbased®mtie cantinued deposition
of large volumes of iron oxfiydroxides. The most important aspect of this shift is the fact that
the heavy Mo isotopes and seawater Re/Mo rat@p@served in samples at the very top of the
iron formation, which is immediately overlain bpn-hematiticglacioclastic sediment (Fig 1B,

C). The abrupt termination of hematite deposition suggests either thatthievieatory in the
Rapitan basin haldeen drawn down such that there was insufficient supply to continue

depositing sedimentary iron (as iron formation or hematitic clastic sediment), or that the recorded
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shift towards increasingly anoxic conditions abruptly terminated the oxidation ofveidsed*
to F€”*, thereby keeping the iron in solution. This second explanation is more plausible due to its

consistency with the other redox proxy data.

The observed shift away from oxic and ferruginous conditions, as recorded by the
elemental proxies (Bl enrichment and Re/Mo) was not responsible for the termination of iron
formation deposition across the entire basin. In Yukon, west of the study site, the uppermost
strata of the iron formation consists of granular iron formation (@&)win and Turner2012;

Klein and Beukes, 1993yvhich is in turn overlain by hematitic glacioclastic rocks. This
relationship indicates that in some areas, particularly where the preserved iron formation is
thickest, loss of accommodation space was probably the driming behind the cessation of

pure iron formation deposition. As accommodation space diminished, the clastic sedimentation
rate to the deep basin increased, which would have volumetrically overwhelmed the background
iron and silica precipitation, forming hmtitic clastic rocks in lieu of iron formation. Thus,
deposition of thick iron formation represents a condition of a perfect balance of ferruginous to
oxic basinal redox conditions, a limited clastic sediment supply, and ample accommodation
space. Elimingon of any of these features, even at the local scale, apparently caused the fairly

abrupt cessation of iron formation deposition

3.5.3Mo isotopic composition of the Neoproterozoic ocean

It has been suggested that Proterozoic seawater had a sighyifiicgntér Mo isotopic
composition than the modern ocean (e.g., Dahl et al., 2011). This proposal was based on several
studies of Mesoand Neoproterozoic black shales that have been shown to be sulfidic using other
proxies (e.g., iron speciation). Thesedses have shown that sulfidic shales from this time have
d®Mo val ues mor e (Anbldetal.,2000; ®ahl et aly, a1 Han the modern
seawater value of +2.34a (Siebert et al., 200
d®*Moremai ned stable at approximately 1.048 throug
this apparent difference in seawater isotope composition is that more widespread sulfidic
conditions in the Proterozoic would have resulted in an overall depleti8iofn seawater,
leaving a lighter ambier’®Mo composition in normal marine seawater, which in turn was

recorded in sulfidic black shales. A few of the samples analysed here have values similar to those
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of many samples reported in Dahl et al. (2011), whiehevinterpreted to record sulfidic

conditions based on iron speciation data, and were thought to record ambient sé¥amater
values. Thus, these authors proposed thatflMdo composition of Neoproterozoic seawater was
approxi matel y 1 is@robematiéfortwd dredsans. EirstaDahhet al. (2011) used
an unusually low threshold in their iron speciation data/fegr = 0.5) to distinguish sulfidic

from suboxic to anoxic shales, on the grounds that the majority of the reactive iron is pyrite
Conventionally, a higher threshold of @ is applied, to help eliminate the influence of
diagenetic sulfidisatiofPoulton and Canfield, 2011Yery few of the samples analysed by Dahl
et al. (2011) meet the conventional threshold for this ratiojngake bulk of the dataset

indicative of ferruginous rather than sulfidic conditions. This allows for the possibility that very
little of their data records the true seawaf&Mo signature. Furthermore, Dahl et al. (2011) do
not address why theypreferd t o assume an ocean water compos
own detrituscorrected data for true sulfidic samplesg{Fe4r >0.7) is 1.25+0.40. The second
problem is that samples analysed by Dahl et al. (2011) wiflr&g significantly below the

criterion for sulfidic conditions (down to 0.0), also show the sdffido data as those few

samples that supposedly represent ocean water. As shown by earlier publications, Mo isotope
fractionation inevitably occurs under anoxic, rafidic conditions (ay., Poulson et al. 2006) or
conditions with HS,q below the threshold value of 11 pM$&q (Neubert et al., 2008). For
example, in the Black Sea, at 400 m water depth, including a zB&ksulfidic layer, sediment
still records a®®o o f 0. 7 &vatdr ealuesvduesoensufficientSl concentration. The
most plausible explanation would be that the whole sequence adjusi&Mitsvalues during
diagenesis under anoxic waters (indicated by the-senstant Fgx/Fer), which would imply a
coevalseamaer value of O0.7a above the sedimentary
maintain that this interpretation of Dahl et al. (2011) is not unique and the data are not

incompatible with coeval oceanwattfMo of ~1. 8 &.

Taken at face value, thE®Mo daa from the most anoxic samples published here fall into
a similar range as the samples used by Dahl et al. (2011) to establish their proposed
Neoproterozoic seawater composition. Although some of these samples record probable sulfidic

conditions, as indated by the Mg- and Re/Mo data, they are also hematité rocks (i.e., iron
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formation and jasper). This geological constraint, together with the redox proxy data and the
presence of primary to very early diagenetic hematite, has important implichtamsly, across

the entire basin, iron formation deposition was not stratigraphically coherent. Instead, a subtle
interplay between basin subsidence, the relative proportion of clastic and hydrogenous sediment
supply, elemental inventories (i.e., Fe anda®y] ice cover resulted in variable deposition of Fe

rich rocks. Unusual basinal redox situations existed at a local scale and may be represented by IF
horizons, which are appropriate for geochemical investigations owing to the lack of interfering
clasticsediment. Such unusual redox situations had a profound effect on the typical processes
controlling Mo isotopic behaviour. Qualitatively at least, it is evident that Mo isotopes in rocks
containing hydrogenous hematite (or othetokeles) show lighter isopic compositions than

coeval seawater, as is clearly recorded throughout most of the lower part of the Rapitan iron
formation. Jasper samples with relatively heavy Mo isotopic signatures, therefore, must similarly
be negatively fractionated from ambiestwvater, regardless of the basinal redox conditions. It is
impossible to quantify the ocean water Mo isotope signature from these anoxic samples, because

the corresponding fractionation factor cannot be independently defined.

Heavyd®Mo signatures in thRapitan IF record the interplay between two opposing
fractionation mechanisms. Although the ambient sulfidic conditions in the water column
apparently limited the fractionation away from the seawater composition, the continued rain of
iron oxide/oxyhydroxde flocculates through the sulfidic part of the water column from
overlying oxic waters (Baldwin et al., 2012) still preferentially fixed light Mo, even under
conditions favourable to complete, unfractionated fixation. The net result of these processes
would be a sedimenta?®Mo composition that is significantly lighter than that of seawater, but
also much higher than would be recorded under oxic to ferruginous conditions during normal
hematite deposition, as is seen in the samples from the top adhferimation, which have
d®*Mo of +0. 7&. Thus d¢®™vavalues @pogel hetelare lovrer thiph thes t
previously proposed®™Mo compositi on of the Neoproterozoic
indicate that the isotopic composition must haven#till higher than that, and much closer to
that of the modern ocean. Although the Rapitan iron formation was deposited in a partly
restricted rift basin, REE+Y data show that there was significant connectivity between the

Rapitan basin and the open ac€Baldwin et al., 2012). It is reasonable to assume that a basin
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with moderate to high connectivity with the open ocean would have had the same isotopic
composition as the global ocean. Therefore, as a working hypothesis, it can be inferred that
global md-Neoproterozoic seawater had Mo composi ti on of approxi ma
not much lower than that of the modern ocean. If true, this analogy to modern oceans implies a
homogeneous ocean water compositon.the surface, th assumption is challged by the
possibility that, during the Neoproterozoic, the residence time ofviosignificantly shorter

owing to a limited Mo ocean inventory. However, even if the Neoproterozoic Mo inventory was
only 10% of that of the modern ocean (as suggested hy&al., 2009)the residence timef

Mo would still beat least 44 k.y., based on a residence time of Mo in modern seawater of 440
k.y. This latter value, put forward by Miller et §2011) is the lowest proposed in recent
literature.To allow for sigiificant heterogeneity of the ocean water in terms of Mo isotopic
composition, the ocean mixing timeuld have to havéeenin the range of the Meesidence

time. Of course the true mixing time of the Neoproterozoic oceans is not knomixidg time

of 44 k.y.,howeverwould be about 30 times longer thidwatof modern oceans. This is hardly
realistic ifthere was any connectivity among teoproterozoic oceans at all. Thus, even if the
Neoproterozoic Mo inventory was only 10% of the modern oceanesidting shorter residence
time does not challenge the assumption of a nearly uniform ocean water Mo isotopic

composition.

A nearmodern marine Mo isotopic composition in the middle Neoproterozoic indicates
that the deep ocean was already ventilated atitha. If the Neoproterozoic weathering regime
of Mo was comparable to that of today, the principal control oMo composition of
seawater would have been the generation of Mn and Fayakpxides, and the subsequent
adsorption of isotopically lighMo to these particles. This stands in sharp contrast with
arguments for a lighter seawatgfMo composition in the Neoproterozoic, which require
moderately extensive, nearshore sulfidic water masses to limit the amount of heavy Mo in
seawater (Dahl el.22011). Thus, the data presented here suggest that sulfidic conditions in the
open ocean during the middle Neoproterozoic could have been only slightly more pervasive than
today. Taken together with the weltablished absence of the positive Eu anginal
Neoproterozoic iron formation(g.g., Baldwin et al., 2012; Klein and Beukes, 1993; Klein and

Ladeira, 2004; Lottermoser and Ashley, 2Q00appears that in the middle Neoproterozoic the
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open ocean was well oxygenated, and that ferruginous andicelinditions were limited to
restricted and senmestricted basin environments. The strong evidence for pervasive anoxia in the
Ediacaran ocean (e.g., Canfield et al., 2008) suggests-aposto wb a | | Eartho retu

widespread reduced marine corals

3.6 Conclusions

Evidence from Re concentrations, Re/Mo ratios, and Mo isotope ratios shows that the
prevailing basin redox conditions during deposition of the Rapitan iron formation were
ferruginous trending towards oxic. Rhenium concentrationdafillo ratios are consistently
low throughout most of the thickness of the iron formation. Near the top of the section, however,
both values increase by several orders of magnitude, recording a shift away from oxic to
ferruginous conditions and towards amoto sulfidic conditions. Similarly, most of the iron
formation has negative to mildly positi@Mo compositions, most likely because adsorption to
hematite was the primary cause of Mo isotopic fractionation. At the top of the iron formation, the
d®*Mocomposition increases to +0.74&, which, wher
proxies (Mo enrichment, Re concentrations, and Mo/Re), records sulfidic conditions. The
observed shift to sulfidic conditions, paired with the presence eheomatitic glacbclastic
sediments above the iron formation, indicates that these conditions locally terminated the
deposition of iron formation. Correcting ti®Mo value for the isotope fractionation that occurs
during adsorption to iron oxlgydroxides, the Mo isotopmmposition of the Neoproterozoic
ocean was around 1.84. A mi d¥iMoealudbsdndigatestiiae r 0z 0

the open ocean may have been well oxygenated at 700 Ma.
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3.8 Figures
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Figure3.1: Map showing the distribution of Proterozoic sedimentary rocks in-mastern

Canada. The716 Ma glaciogenic Rapitan Group is in red (from Baldwin et al., 2012), with an
arrow indicating the location of the study area (A). Sharp upper contact between the Rapitan iron
formation and the overlying nemematitic glacioclastic rocks of the overlgishezal Formation

(B, C). The contact is partly obscured in each photo due to the recessive weathering character of
the glacioclastics, but is indicated by an arrow in (B). Purple area on the cliff face in each photo
is an area of reworked iron formatioantained as a raft in the overlying glacioclastics; this unit

is laterally discontinuous, as seen in each photograph.
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Figure3.2: Photographs (A, B) and a
photomicrograph (C) showing the preservation
of primary sedimentary fabrics in hematite,
suggestig a depositional or early diagenetic
origin. Deformed bedding from a dropstone is
preserved (A). Fine laminations in hematite
visible on the outcrop scale (B) and sub
millimetre scale (C) around chert and carbonate
nodules. Late conversion to hematitenfro
precursor minerals would overprint some of

these finer textures.

0.5 cm
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Figure3.3: Simplified stratigraphic column of section CR1 (after Baldwin et al., 2012) with

stratigraphic distributions of Mg, Uer, Re (ppt), Re/Mo, and®®™o (&) . Mo, U, and

concentration data (used to calculate enrichment factors and Re/Mo) are from Baldwin et al.
(2012). With the exception of the moderate to strong Mo enrichment at the base of the section,
Mo enrichment and Re concentration covary, both showing a pronouncezbmaitehe top of

the section. With the exception of the uppermost samples, the Re/Mo ratio is well below the
modern seawater ratio of 8.0x1(ashed line), but the uppermost samples are close to this
value, recording sulfidic conditiond®®Mo  ( w ietrohbarg)is scattered betweér2 and
0.1a, recording sulfidic conditions paired

values, most notably at the top of the section.
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Results and errors
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3.11 Supplementary Data
Table 3.S1: Mo concentrations by different techniques

Table S1: Mo concentrations by different techniques

[Mo] ppm
Sample Isotope Dilution Bern Canada Difference
2.31 0.24 0.23 0.01
2.42 0.95 0.93 0.02
4.50 0.41 0.37 0.04
5.00 0.44 0.43 0.02
5.10 0.40 0.38 0.02
13.50 0.03 0.03 0.00
13.60 0.09 0.09 0.01
15.50 0.07 0.07 -0.01
16.50 0.07 0.06 0.01
32.18 0.28 0.27 0.01
33.32 0.53 0.55 -0.02
33.91 0.48 0.46 0.02
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Figure3.S1: X-Y plot of Mo concentration data obtained by quadrupole M3 at Laurentian
University, Canada against Mo concentratiatedobtained by isotope dilution IEGWS at

Universitat Bern, Switzerland. The data shows an excellent correlation with a slope of 0.99 and
an F value of 0.99, indicating that the Mo data by quadrupoleMis of excellent accuracy,

often only slightly mderestimating relative to isotope dilution (Table S1).
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Chapter 4: Paleogeographic controls on the distribution and
sedimentological character of the Rapitan iron formation, Northwest

Canada

4.1 Abstract

The Rapitan iron formation (Rapitan Group, NWTafil, Canada) contains one of the
largest undeveloped iron deposits on Edftirmedin a rift basin during the Neoproterozoic
Asnowball Eartho gl aci al -jasgeiirsrofameatopisa. 711 Ma)
stratigraphically associated with glacicstia turbidites and diamictites. The Rapitan Group
overlies the extensierelated Coates Lake Groypt exposures of the Rapitan Group are
geographically discontinuous, and appear to define twdoasims First,the Snake River basin
(YT and NWT), which ontains thick iron formation (locally >100 m thick), asetondthe
Redstone basin (NWT), in which the iron formation is much thinner (local maximum 35 m). Iron
formation and glacioclastic strata in the two-asins have distinct sedimentological
charateristics. In the Snake River basin, the iron formation is generally hemalitand
contains abundant jasper nodules; in the Redstone basin the iron formation is dominated by
bedded and locally silty jasper with much less hematite. Glacioclastic tiglatiks of the
Sayunei Formation, which underlies the iron formation, consist of siliceous, hematitic mudstone
and siltstone, with thin intervals of coarser clastic material in the Redstonevaasieasnuch
sandier and clasich diamictite dominates the Snake River basin. Rare earth element plus
yttrium (REE+Y) data indicate that most iron formataeposition at botlocalitiesswung
betweerphases of domination by hydrogenquiscipitation anadlominance osiliciclastic input
The geochemistry thicates that at certain times there wasmplete shutdown of siliciclastic
sediment supply during iron formation deposition. Geographidakye is an important
association betwedncations of crustascale syrsedimentary faultandmajor stratigrapic
changes in the thickness and distributiothef Rapitan iron formation and the Rapitan Group as

a whole. These faults define extensretated sukbasins thaexerteddominant control wer the
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distribution of the Rapitan iron formation: active subsadeim rifting basins was necessary for
deposition of Neoproterozoic iron formation, and may have been critical in controlling the

distribution of Sturtiarage glaciogenic deposits overall.

4.2 Introduction

The Neoproterozoic recorded a major turningpoimt t he evol uti on of tt
environmentslt witnessedhe second major rise in oxygenation of the ocean and atmosphere
(Campbell and Squire, 2010; Och and Shidtsu, 2012)and the subsequent appearance of the
first macroscopic metazoafGanfield et al., 2007)These significanirreversiblechanges in
Earthos surficial system occurred against the
series ofpossiblyglobal glacial events that took place between 740 and 58XMschvink,
1992; Hoffman et al., 1998; Hoffman and Li, 200@)has been widely suggested that these
glaciationsare intimately linked tohe rise imatmospheric freexygen and the evolution of
metazoangCanfield et al., 2008; Peterson et al., 2008; Shiglsu andOch, 2011) Despite
their obvious geological significance, there remains significant disagreement over the scale of the
Asnowbal | 0Therd aestroagtaiguwnends faida ar d s nowbal | Eart ho,
glaciation(Hoffman and Schrag, 200Roffman, 2009) whereas others make a case for more
localised, continentaift-related eventée.g., Young, 2002; Eyles and Januszczak, 2004; Eyles,

2008) In either case, the geological implications of these glacial events are substantial.

Apeculiarapect of the Asnowball Eartho gl aciati
deposition obanded iron formatigra sediment type thaiad not been deposited in significant
volumes after the latest Paleoproteroq@ekker et al., 201Q)with some rare exceptisrdirectly
associated with hydrothermal venti(egg., Slack et al., 2007Jhe Neoproterozoicesumption of
iron formation depositiors a key aspect of major modéts Proterozoiaedox evolution and
has informed most models of even Archean bandedaromation(e.g., Holland, 1984Beukes
and Klein, 1992Canfield, 1998; Poulton and Canfield, 201Akhough the Neoproterozoic
gl aciogenic irod#hyfpeomat iol@rss, @IFanpiliumqgua in its
stratigraphic association withaglioclastic sedimen{&mith et al., 2013)nor aggBasta et al.,
2011) it does represent timeost substantiadvidenceof Neoproterozoic and glacially associated
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iron formation in the geological record. Most, if not all, of the Rapiyge iron formatns are
associated with glacial deposits of the Sturtian glaciation (6620Ma)(Macdonald et al.,

2010Db) the first of three proposddeoproterozoiglacial episodes, although some examples
have not been assigned to any specific glaciation due tocheflgeochronology and
stratigraphic complication®.g., Freitas et al., 2011) is important to recall thatan formation

is not universal in Sturtianged glacial deposi{gioffman, 2009) and is commonly very

localised within the glacial depositsat contain it. The Sturtian glacial deposits were deposited
in young continental rifts, similar in scope to the modern Red5aang, 2002) and few if any
were deposited on conventional continental margins. This distribution could be a product of
presevational biaspr thesheerabundance of incipiently rifting margins at 700 Ma due to the
dispersal of Rodinia, or, as some have argued, indicative of a genetic link between rifting and
both Asnowbal | -tyReironfdrndatiogengd YoRray,R02). Athough the
dynamics of the |ink between rifting and fAsno:
of partially restricted marine basihas been shown to be necessary for the deposition of iron
formation(Baldwin et al., 2012b)

The archetgal glaciogenic Neoproterozoic iron formation is the Rapitan iron formation
of the Mackenzie and Wernecke Mountains, Northwest Territories and Yukon, Canada. This
particulariron formation was deposited after 711 {Baldwin et al., 2012ajuring the Sturan
glaciation, and is associated with glacioclastic turbidites and diamictites of the Rapitan Group.
The Rapitan Group is preserved in a >500lkng arcuate belt in the northern Canadian
cordillera, but across that distariseexposed discontinuously: @oesure is present over 370 km
of strike, and defines two distinct depositional basins (Snake River basin and Redstone basin).
The iron formatioritself is even more discontinuotisan the Rapitan Groypnd for much of its
strike length is very thin. Sigicant thicknesss(>30 m) of iron formatiorarelimited to the
Snake River basin, at the northwestern end of the exposu(&’ee]t1981) This sector also
encompasses most thie observedextural variation Thickness and sedimentological differences
between the two basins have resulted in disputed stratigraphy and correlation at the formation
level in the Snake River bagje.g., Yeo, 1981; Klein and Beukes, 1993; Hoffman and
Halverson, 2011)

128



The documented thickness differences in the Rapitan Gopsathe Mackenzie
Mountains were addressed in a paleogeographic context by Eisbkk@88) whose study placed
mostemphasis on implications for the distribution and deposition of the entire Windermere
Supergroup, as opposed to just the Rapitan Grauip.Work yielded a detailed assessment of
sedimentation patterns, from the incipient rifting of the basal Coates Lake Group to the much
more widespread deposition of the Hay Creek Group (overlies Rapitan Group), but does not
provide much explanation fore@Himited distribution of the Rapitan iron formation. This leaves

open the question diie significance of the discontinuous nature of the iron formation

Geochemical data from banded iron formations is crucial to aid reconstruction of
depositional modelsAlthough considerable geochemical work has been undertaken on
Neoproterozoic iron formatiorhis has not always been presented \sitifficiently detailed
sedimentological and stratigrapltiontext.The presenpaper presents the fifstlly integrated
stratigraphiesedimentologicagjeochemical study of Neoproterozoic iron formation. Examining
the geochemical nature of the archetypal Neoproterozoic iron formation in the context of its
regional sedimentary setting expected to advance thederstandingf the geological
environments and driving factors behind Neoproterozoic glaciation and iron formation deposition

in particular

4.3 Geological Background
The Neoproterozoic Rapitan Group of the lower Windermere Supergroup is exposed in an

arcuate outcropdit over 500 km long in the Mackenzie and Wernecke Mountains of the northern
Canadian cordillera, Northwest Territories and Yukon (Fig. 4.1A). The Rapitan Group was
deposited during the Sturtian glaciation, the first of the three globally distributedl glpsodes
associat ed wi t(Kirschwnk, 89892 ldoffrhan & al.r 1998;Hoffman, 2009;
Hoffman and Li, 2009)and has a maximum depositional age of 711.33+ 0.25 Ma basedbn U

detrital zircon geochronologBaldwin et al., 2012a)

The Windermere Supergroup in the Mackenzie Mountains consists of the basal Coates
Lake Group, the Rapitan Group, the Hay Creek G(oigm, 1978) and t he i nf or mal
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g r o (Apken, 1989)(Fig. 4.2). Windermere strata in the Mackenzie Mountains have been
corrdated with Windermere strata in the southern Canadian cordiBafarielse, 1972fhe
glacioclastic Rapitan Group has been considered to be temporally equivalent to the Toby
conglomerate in the Kootenay Ran§®ss et al., 1995and other diamictites ithe central
cordillera(e.g., McMechan, 200@re considered to be correlative with the younger glaciogenic
deposit in the Mackenzie Mountains, the Ice Brook Formation. Windermere Group deposition
was initiated by dispersal of the supercontinent Rodinégparoximately 770 M&Yyoung, 1995)
recorded in the Mackenzie Mountains in the Tsezotene sills and their presumed extrusive
correlative, the ALittl e Dal b as al(Arngstromgret c h | i
al., 1982) Regional stratigrdpc patterns divide middle Neoproterozoic rocks of the Mackenzie
Mountains into the Redstone basin (Mackenzie Mountains), NWT, and the Snake River basin
(Mackenzie and Wernecke Mountains), NWT and YT.

The Windermere Supergroup is underlain by the Mackevimigntains Supergroup, a
thick (~45 km) succession of shallemarine carbonate rocks, fluvial sandstones, marine
siltstones and shale, and evaporite rqtksg et al., 2008; Long and Turner, 2012; Turner and
Long, 2012)Fig. 4.2). The Mackenzie Mountasupergroup is the oldest Proterozoic unit
exposed in the Mackenzie Mountains, but is underlain by the Ralddviesoproterozoic
Wernecke Supergroup and Pinguicula Group in the Wernecke Mountairf$h@ikelson et al.,
2005) Some of the oldest possil@deidence of metazoans is preserved in carbonate rocks of the
Little Dal Group(Neuweileretal.,2009) The Coates Lake Group, cons
basalto, Thundercloud Formation, Redstone Ri v
early rift succession, composed of basaltic flows, alluvial conglomerates, terrestrial siltstone,
gypsite, and shallownarine carbonate rocks, and contains stratiform copper deposits in the
Redstone basin of the Mackenzie Mountdirefferson and Ruelle, 1987he Coates Lake
Group is apparently absent in the Snake River basin. The Rapitan Group is overlain by the Hay
Creek Group, consisting of the Twitya, Keel e,
dol ostoneo, a cap car bloerBeookd-orroaticgfYeb, §$978) Aitkeh,h e gl a
1991; James et al., 200The base of the Twitya Formation, which is predominantly -chesgpr
siltstone, sandstone, and shale, features a purported carblastiecap carbonate of limited

regional extent in theorthern end of the Redstone basin immediately overlying the Rapitan
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Group(Eisbacher,1981b) The AProfeit dolostoneodo in YT may
primarily on its stratigraphic positigfeisbacher, 1981b)he Twitya Formation contains disc

shad impressions that are the oldest purported example of EdiacarariHafmann et al.,

1990) The Hay Creek Group is overlain by the in
shallowingupward deepvater shale and carbonate sequences from thérifif transition of the

basin through to the Ediacar@ambrian boundargAitken, 1989; Narbonne and Aitken, 1995;

Young, 2013)

The Rapitan Group is distributed from near Coates Lake, NWT, across the Mackenzie
Mountains into YT, where it is truncated the Snake River Faulpart of the Richardson Fault
Array. Eisbacher, 1981bRocks immediately west of the Snake River Fault mapped as part of
the Rapitan Group are predominantly orthoconglomerates, and are dissimilar to all other Rapitan
lithologies inthe region(Eisbacher, 1981bJEXxisting rock descriptions for this area resemble
fanglomerates of the Redstone River Formation membézferson and Ruelle, 1980r
orthoconglomerates of the Mount Berg Formatigao, 1981) although neither of these
formations is known to be present in the Snake River area; the identity of the putative Rapitan
Group rocks west of the Snake River Fault remains uncertain. Purported correlatives to the
Rapitan Group are exposed well to the west of the Snake River Ipasia,dentral and western
Ogilvie Mountains of YT(upper Mount Harper Group, Macdonald et al., 20,18a)l Alaska
(upper Tindir Group, Young, 1982)

The Rapitan Group is subdivided into three formations, the Mount Berg, Sayunei, and
Shezal formationgYeo, 1981) The Mount Berg Formation is a laterally discontinuous unit of
diamictite and orthoconglomerate, which occurs in with the vicinity of faults-cudtiag the
underlying Coates Lake and Little Dal Groups. Its thickness locally exceeds 300 ms but it
typically no more than a few tens of metres thick, and is limited to the southern part of the
Redstone basif¥eo, 1981) The overlying Sayunei Formation is characterised by maroon or
purple finegrained turbidites, dominated by siltstone and mudsteitle some sandstone and
diamictite interbeds. In the Snake River basin, thedira@ned turbidite lithology is absent,
allowing some authors to suggest that the Sayunei Formation is entirely absent in {f@sgarea
Yeo, 1981, 1986)The Sayunei Formiain is capped by jaspérematite iron formation ranging
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from a few centimetres to over 100 m thick; the thickest iron formation is in the Snake River
basin(Baldwin and Turner, 2012Yexturally, the iron formation has both the banded and
granular types #t are well known from older iron formatio(Bekker et al., 2010)as well as
massive hematite with jasper nodules, a texture that is unique to Neoproterozoic iron formation
(Hoffman et al., 2011)Traditionally, the iron was assumed to be sourced frasnatlyermal or
volcanic sourceée.g., Gross, 1965; Yeo, 1981; Halverson et al., 2ddiit)recent work has

shown that a hydrothermal iron source was geochemically improbable, and that the iron ore was
derived from remineralised nanoparticulate iron derivech glacial outwasltiBaldwin et al.,

2012b) The Sayunei Formation is overlain by the Shezal Formation, which consists of massive,
recessivenveathering grey or tan diamictite with minor sandstone and siltstone intervals, and is
interpreted to be a glagimarine outwash diamictite, with possible localised terminal moraines
(Eisbacher 1978). Locally, the base of the Shezal Formation consists of reworked material from

the top of the Sayunei Formation, including iron formation material.

Iron formation in the arthern Canadian cordillera was known as early as the Yukon gold
rush from the Snake River area, Yukéeele, 1906)and was later reported in the Mackenzie
Mountains by Keel¢1910) The clastic rocks stratigraphically associated with the iron formation
were first interpreted to be of glaciogenic origin by Zie@l€59) an interpretation that was
confirmed by numerous later studigesg., Upitis, 1966; Eisbacher, 1976; Young, 1976;
Eisbacher, 1981a; Yeo, 1981; Eisbacher, 198b¢ iron formation and asciated clastic rocks
were later formalised as the Rapitan Group by Green and G@ti968)after Rapitan Creek,
west of the Snake River deposit, Yukon. Extensive exploration for iron ore was conducted in the
1960s, in which up to 120 m of jasgeematiteiron formation with 5.6 billion tonnes of ore
reserves at 42.7% iron was reported over a 25%akea near Iron Creek, Y(Btuart, 1963)The
Rapitan Group was later subdivided into the predominantly turbiditic Sayunei Formation and
diamictiterich ShezhFormation, based on stratigraphy in the Mackenzie Mountains in the
Redstone are@isbacher, 1978with the later addition of basal diamictite of the Mount Berg
Formation(Yeo, 1981) Despite the weltlefined stratigraphy in the southern Mackenzie
Mountains, the formatiothevel stratigraphy in the Snake River area, YT, remains disgeated
Yeo, 1981; Klein and Beukes, 1993; Hoffman and Halverson, 2011)
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Sedimentological patterns in Proterozoic strata of the Mackenzie Mountains are
controlled by basigeometry that broadly follows the arcuate shape and structural grain of the
modern exposure bdlitken and Long, 1978)This arcuate geometry has long been understood
to be controlled by prexisting major, crustadcale structure@hitken and Pugh, 198, as well
as a series of northeasiending faults that controlled basin morpholdgysbacher, 1977,
1981b, 1985; Turner and Long, 2008phese latter faults correlate well with major changes in
stratigraphic thickness and lithofacies in the Mackehoentains Supergroufurner and
Long, 2008) and define distinct subasins in the Coates Lake and Rapitan Gr@gsbacher,
1981b) In addition to the NEtrending structures, a series of NN¥énding faults running
roughly parallel to dykes associatedh the Tsezotene sillRitken et al., 1973; Aitken and
Cook, 1974)have been suggested to provide further control orgmalit basins in the Coates
Lake Group(Jefferson and Ruelle, 198 Bvidence of sysedimentary compressional tectonism
has beerlocumented in the form of localised folding and internal unconformities in the Sayunei
Formation at the Nite copper prospédelmstaedt et al., 1979, 198 A)though the timing and
cause of the folding has been disputéiken et al., 1981)Recent worlkhas shown that the
folding was coeval with Rapitan Group deposition, although whether it was the product of
traditional compressional deformation or possible salt tectonics in older Neoproterozoic strata
remains unclear (J.A. Milton, personal communicat®il2). Basin fault control became less
important in controlling sedimentation patterns in the latter stages of rifting in the Hay Creek
Group and the upper Windermere Supergroup during the transition from rift to drift tectonics, as
sediment distributiolbecame more widespread and less variable in thickness across the latest
Proterozoic passive margin of the Mackenzie Mount@tisbacher, 1981b; Aitken, 1989)

4.4 Stratigraphy

Six stratigraphic sections through parts of the Rapitan Group were docdrfrentethe
length of the Rapitan exposure area (Figs. 4.1B; Tables 4.1 and 4.2). Focus was placed primarily
on the Sayunei Formation, and on sections reported to contain exposure of iron formation
according to Ye@1984) Regionally, exposure of the Rapit&roup is divided into two distinct

basins, the Snake River basin and the Redstone basin. These two basins are separated by
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approximately 135 km of strikeength in which the Rapitan Group is absent. Each of the two
basins has a distinct sedimentolog@atl stratigraphic character, particularly in the Sayunei
Formation and the iron formation that caps it; characteristics of the Shezal Formation are

somewhat more uniform in these two basins

4.4.1 Snake River Basin

The Snake River basin is the type aredlierRapitan iron formation, contains its thickest
known exposure€Stuart, 1963)and is the smaller of the two Rapitan basins. Numerous sections
were measured in this area, in the vicinities of Iron (Fig. 4.3A) and Discovery (Fig. 4.3B) Creeks
(YT) and the Cranswick River (Fig. 4.3C) (NWT), although a single representative section from
each locality is described here.

Previously described in detail by Baldwin and Tur{2812) the Iron Creek section is
located at the Crest iron deposit (Fig. 4.1B). Hastion contains the thickest exposure of iron
formation across the entire exposure belt of the Rapitan Group, and is within a 25@&m
estimated to contain 5.6 billion tonnes of iron ore at 47.2%(Btuwart, 1963)The lowest part of
the Sayunei Fonationis covered in this section, biliteintervalfrom the bottom of the exposed
section to the base of the iron formation consists of 65.5 m of massive, dark red to purple matrix
supported clagpoor sandy diamictite (Fig. 4.4Aglassificaton scheme of Moncrieff989) The
iron formation is exposed over a 118.7 m interval, and contains numerous interbeds of siltstone
and purple diamictite up to 21 m thick. The iron formation layers consist of a mix of bedded
jasper and hematite (BIF) and nodular iron formatiasger nodules in a massive to bedded
hematite matrix), but is dominantly the latter. The iron formation locally shows dramatic soft
sediment slump folds (Fig. 4.4B). The top 2.5 m of the iron formation is characterised by
granular iron formation (GIF), wbh is mediurssand sized grains of jasper and hematite
deposited above wave bggdout and Simonson, 2008jig. 4.4C). The iron formation is
overlain by purple to brown siltstone, diamictite, and-inained sandstone of the Shezal
Formation (Fig. 4.4D).

The Discovery Creek section was also described by Baldwin and T@01t) and is
located to the east of the main Crest deposit, close to tHéWT border. The Sayunei

Formation at this location is underlain by the Little Dal Group (formation unkn@md)consists
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of a basal 340 m interval of purple to red siliciclastic rocks, dominated bypdaesand clast

rich diamictite with muddy sand matrix with interbeds of mataimd clastsupported
conglomerate. Iron formation appears in three stratigrdewéts: the lowermost is 1 m thick and
dominantly BIF, the middle is 0.1 m of nodular iron formation, and the uppermost is 20.2 m
thick, and is equal parts BIF and nodular iron formation (Fig. 4.4E, F). The top of the iron
formation is in erosional contawith the lower Paleozoic Franklin Mountain Formation. White
quartz arenite boulders containing clasts of jasper and hematite are present in nearby rivers,
supporting the erosional interpretation of the upper surface of the iron formation. Furthermore,
the Rapitan Group pinches out 10 km northwest of this section, with a clearly erosional upper
surface (Fig. 4.4G). Several small copper showings, consisting of chalcopyrite weathering to
malachite and chrysocolla are present in the Sayunei Formation, ithbatbn formation and

the underlying diamictite.

In the Cranswick River section, previously described by Baldwin gRatl2b) the basal
contact of the Sayunei Formation is unexposed (~5 m below the bottom of the iron formation).
The main lithology uderlying the iron formation in the area is friable, hematitic, purple,-clast
rich muddy diamictite, which is locally crossu t b y-thiek ta@ Holymictic classupported
channelffill conglomerate that directly underlies the iron formation. The iremé&tion is 30 m
thick and contains approximately equal parts BIF and nodular iron formation, with several thin
(<50 cm) interbeds of siltstone and diamictite. The iron formation is overlain by a tapabast
diamictite that includes a single bed contagnremobilised jasper clasts 5 m above the iron
formation (Fig. 4.4H).

4.4.2 Redstone Basin
The Redstone basin is characterised by excellent exposure of the Rapitan Group in the

central Mackenzie Mountains. This area is centred approximately 170 kmo$didhman
Wells, NWT (Fig. 4.1A,B), and spans a strllemgth of roughly 320 km. Three stratigraphic
sections through the Sayunei Formation from this region are described herein (Fig. 4.1B):
Boomerang (Fig. 4.3F), Hayhook North (Fig. 4.3G), and HayhookhS@&ig. 4.3H).

In the northernmost measured section in the Redstone basin (Boomerang), the Sayunei
Formation is underlain by the Coppercap Formation of the Coates Lake Group, and contains
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patchy vein copper mineralisation directly below an erosionabcomtith the Sayunei

Formation. The basal Sayunei Formation (0.8 m) is oraregghering maroon clasupported
diamictite, with all clasts derived from the underlying Coppercap Formation. This interval is
overlain by 90.7 m of predominantly maroon siltetavith interbeds of maroon mudstone, and
blue-grey mediuragrained sandstone, with scattered dropstones and diamictite interbeds (Fig.
4.5A). The siltstone is overlain by 28 m of maroon pebble diamictite with siltstone interbeds. The
uppermost unit of th8ayunei Formation is sikyo sandymatrix clastintermediate pebble

diamictite, which contains large (up to 30 cm) clasts of reworked and plastically deformed (bent)
jasper and hematite (Fig. 4.5E, F). The jadpearing diamictite is overlain by greyaskrich

muddy diamictite of the Shezal Formation.

The remaining two measured sections in the Redstone basin are Hayhook North and
Hayhook South. These sections are 5 km apart, and were measured individually because they are,
respectively, the type sectip for the Shezal (north), and Sayunei (south) formafgisbacher,

1978)

The Sayunei Formation is underlain by gmegathering limestone of the Coppercap
Formation at Hayhook North, but the contact is unexposed. The Sayunei Formation is 120 m of
domirantly maroon siltstone with interbeds of sandy siltstone and sandstone, and rare interbeds
of green mudstone and sandstone up to 1.4 m thick. At 120 m stratigraphic elevation, the Sayunei
Formation becomes fingrained, and is dominated by maroon to pimkdstone and siltstone
(Fig. 4.5B). A 70 cnrthick interval of bedded jasper with minor bedded hematite is present at 197
m, and is immediately overlain by interbedded pale green mudstone and grey to tan diamictite

(variable clast content) of the ShezalmRation.

At Hayhook South, the Sayunei Formation is underlain by grey cherty limestone of the
Coppercap Formation. The basal Sayunei Formation is 5.6 m oficlastuddy hematitic
diamictite. This unit is overlain by 250 m of predominantly maroon ailestwith intervals (up
to 40 m) of maroon mudstone and sandy siltstone. Iron formation is present over 6.5 m, and is
interbedded with hematiech purple siltstone. The iron formation is almost entirely BIF, with
flaggy-weathering beds of jasper and héiteg(Fig. 4.5C). Black chert nodules are present in the

basal jasper bed, but are absent in the rest of the iron formation. Trace chalcopyrite, malachite,
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and chrysocolla are present along jadpamatite bed contacts at the top of the iron formation
(Fig. 4.5D). The iron formation is immediately overlain by 4.5 m of purple to maroon siltstone,

followed by a covered interval underlain by tan Shezal Formation talus.

4.4.3 Regional observations
Detailed stratigraphic documentation of the Redstone basifomassed on a relatively

small area (45 km strike length), between the Redstone and Keele rivers, but general stratigraphic
observations were gathered from the rest of this basin, which spans an additional 156 km to the
northwest and 117 km to the southtleé Boomerandgdayhook area. The northern margin of this

basin (Fig. 4.1B, location D) shows very rapid thinning of the Rapitan and Coates Lake groups
northwestward from the Stone Knife River: the
>100 m soutlof the Stone Knife River to <50 north of it, and quickly pinches out a few

kilometres farther north (Fig. 4.6A, B). This observation is consistent with isopach maps of
Sayunei Formation thickne§¥eo, 1981) The northernmost part of the Redstone basiewwid

of iron formation: no evidence for iron formation, except for minor concentrations of coarse
hematite crystals in upper Sayunei Formation siltstone and mudstone, is present anywhere
between the Stone Knife and Twitya rivers, an area with otherwte#ient exposure of the

Rapitan Group. The northernmost exposure of iron formation is just north of the Godlin River

(9.5 km S of the Twitya River and 13 km W of the Keele River; Fig. 4.1B, location E). This
exposure consists of approximately 20 cm ofi fmrmation present a0 cm of jasper (Fig.

4.6C) and 10 cm of massive, flagggeathering hematite at the contact between the underlying
siltstone of the Sayunei Formation and tan diamictite of the Shezal Formation (Fig. 4.6D). South
of this locationjron formation is generally present, eithesitu (e.g., Hayhook area) or as

reworked clasts in diamictite (e.g., Boomerang).

Although exposure of the Rapitan Group south of the Redstone River is less consistent
than it is farther north in the Redstdpesin, and the Sayunei Formation thins dramatidally.,
Eisbacher, 1978}he Rapitan Group in this area stands out in several regards. The Mt. Berg
Formation is present only in this southern region (type section-sastiof Coates Lake, as well
as bcalised occurrences in other areas, typically in close association with faults in the underlying

Little Dal Group(Yeo, 1981) At Coates Lake, at the extreme southern end of the Redstone basin,
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the iron formation was reported to be of substantial thickf0 m, Eisbacher, 197@)ut at no
location visited in this study is it >15 m thick. Most interesting in this area is the iron formation
present at the Hidden Valley copper prospect (Fig. 4.1B, location 1). This location is known for
veintype copper nmeralisation in the Little Dal Grou@ory, 1962; Colpron and Augereau,

1998; Colpron and Jefferson, 199Bfere, the lower Sayunei Formation consists of maroon
siltstone and mudstone turbidites, which is typical of the Sayunei Formation in the Redstone
Basin (Fig. 4.16 for a generalised stratigraphy). Where it differs, is that this approximately 100 m
of fine-grained siliciclastic rocks is overlain by 50 m of medium to cegraamed purpldrown,
moderately hematitic sandstone. The sandstone is oveylar85 mthick interval of iron

formation that is different from that known from elsewhere in the Redstone basin. In addition to
its unusual thickness, the iron formation at Hidden Valley contains a considerable volume of
massive hematite (Fig. 4.6 E, Bpth the flaggyweathering, slaty hematite as at Hayhook, but
also the more massive, poorly bedded type common throughout the Snake River basin. Jasper
nodules are common in iron formation at Hidden Valley, despite their scarcity in most of the
Redstone t=in. In addition to all of the similarities of the iron formation with that in the Snake
River basin, the Sayunei Formation is also similar to that in the northern basin. Although
diamictite is sparse in the Sayunei Formation at Hidden Valley, the saadstderlying the iron
formation more closely resembles the matrix of the glast diamictite underlying the iron
formation at Iron Creek. The iron formation is immediately overlain by classical, recessive,

scalyweathering tan diamictite of the ShezariRation.

4.5 Rare earth element geochemistry

The rare earth elements plus yttrium (REE+Y) are sensitive tracers for the origins of
hydrogenousedimentaryocks such as iron formatiofhis is due to the fact that the marine
shale or upper continentalust compositenormalised (MuQ, from Kamber et @005 is used
here) REE+Ypattern appears to have behaved predictably over 3.7 Ga (e.g. Kamber, 2010) and
becauseleviations from th expectegbattern can be used to define the role of other sediment
sour@s, such as hydrothermal fluids and siliciclastic detritus. In the ocean, the REE+Y

fractionate from their normal, uniform behavior due to differences in their adsogpiibn
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complexatiorproperties; they are neblelycontrolled by valence and atomic nasl(Bau, 1996)
This fractionation results in a distinctly positispednormalisedREE+Y pattern with several
well-defined anomalies that acensistenficross the modern oceand vary predictably with

water depti{Zhang and Nozaki, 1996] here is na/ a very large body of data demonstrating that
hydrogenous sedimentary rocks from throughout Earth history, most notably iron fofroation
record important aspects of the dissolved marine REE+Y inventory ovefeigieKamber,

2010; Baldwin et al., 2@b).

The positive overall REE slope is best demonstrated using a normalised Pr/Yb ratio,
because Pr and Yb are the lightest and heaviest REE that do not occur in anomalous
concentrations. The La and Gd anomalies (La/La* and Gd/Gd*), calchlatecftelawrence
et al.(2006) yield values >1.0 when a normalarine seawatevas sampledthere is no
documented significance for values less than 1.0 in hydrogenous sediment for either of these
anomalies). The Y/Ho ratio yields values greater than the changriid of 26.1(Pack et al.,
2007)when these chemical twins fractionate in seawater or in fluoichenagmatic systems
(Bau, 1996)Rare examples of subchondritic (Y/Ho < 26) ratios have been documented in
basaltic weathering profilgslill et al., 20®), and in iron formation deposited under a water
column that was stratified with respect to the redox state off\émavsky et al., 2010Two
other REE+Y anomalies are commonly used when dealing with iron formation: the Ce and Eu
anomalies. Ce commonteviates from the REE+Y in a modern, oxidised ocean, generating
deep, negative Ce anomalies, whereas in anoxic settings it is generally flat. In some redox
stratified conditions, positive anomalies form (e.g., Planavsky et al., el@y an inferred
redox chemoclineFlat to weakly negative Ce anomalies are most common in the vast majority of
iron formations, including those of Neoproterozoic égato et al., 2006)The positive Eu
anomaly is a robust tracer of hitgmperature hydrothermal fluids, asdthe principal evidence
of a hydrothermal iron source in Archean and Paleoproterozoic iron forméignsDerry and
Jacobsen, 1990This paper focusses predominantly on Pr/Yb, Gd/Gd*, and Y/Ho ratios, because
they have been shown to be the msightful proxies in the Rapitan iron formatigBaldwin et
al., 2012hb)
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The REE+Y data from iron formation jasper samples from three stratigraphic sections in
the Snake River basin (Iron Creek, Discovery Creek, Cranswick River) and two stratigraphic
sectiondn the Redstone basin (Hayhook North and South) are discussed individually. Emphasis

is placed on stratigraphic trends in the REE+Y, especially in the Y/Ho ratio.

4.5.1 Iron Creek

The REE+Y patternef 21 samples from Iron Creeit first glance lookighly variable,
but certain characteristics are present throughout the iron formation (Fignd.Wjth apparent
stratigraphic controlMost samples have some features of seavagteéved sedimentary rocks,
most notablyconsistently positive slopesxpressd asPrivug/Ybwmug ranging from 0.09.71 As
can be appreciated from the sigeaphically arranged panels (Fig. 4.7; panels C tih&)patterns
flattenup-section The La/La* values range from weakly negative to strongly positive (La/La*=
0.9-1.38); all $rongly positive La anomalies are low in the section. Cerium behaviour is fairly
uniform throughout the section, with a tight Ce/Ce*range of 0.88 to 1.06; siXesastmw
statistically significant negative anomal i es
positive anomaly (Ce/Ce*= 1.06putthe majority of samples from Iron Creek are either flat or
weakly negative with respect to Ce. Europium andasare predominantly flat to negative
(Eu/Eu*= 0.91.03), with only twoweaklypositive anomalies in the dataset (Eu/Eu*= 1.09 and
1.19). The Gd anomalies are almost all flat to positive (Gd/Gd*=0.28); one sample has a
slightly negative anomaly (G@&/d*= 0.94). Y/Ho ratios are highly variable and weakly
subchondritic to strongly superchondritic (Y/Ho= 2322), with a clear, welleveloped

stratigraphic trendFig. 4.7B)

Samples from low in the iron formation at Iron Creek (n=7; @2.7 m) all lave
strongly superchondritic Y/Ho ratios, ranging from 34252, the highest ratios from the entire
section (Fig. 4.7B). These samp#dsoall have consistently positive Gd anomalies (Gd/Gd*=
1.051.18), as well as very low Ri1o/Ybwmug (0.050.25), indi@ting strong HREEenrichment
relative to the LREE. These samples also have positive La anomalies (La/La*E2109All of
these features are consistent with hydrogenous sediment recording normal marine REE+Y
compositions, and with the exception of LafLare similar to other Rapitan iron formation
samples from Cranswick RivéBaldwin et al., 2012bFig. 4.7C).
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Higher in the section (96-121.2 m; n=4), Y/Ho ratios are weakly to moderately
subchondritic (23425.7; Fig. 7B). Gd anomalies are gensgrélit (Gd/Gd*= 0.991.05), with
negative to positive La anomalies (La/La*= 0-2.09). Piuo/Ybwmug remains low (0.40.32), but
is generally higher than in samples from the base of the iron formation (Fig. 4.7D). The generally
flat to negative Y/Ho ratioglat Gd anomalies, and slightly flattened pattern overall indicate an
elevated clastic component in the iron formation, which is sufficient to overwhelm many of the
common seawater REE+Y features, but not enough to cause the patterns to resemble shale or
upper continental crust. This interval has numerous interbeds of clastic material, including
diamictite and siltstone (Fig. 4.7A), indicating that clastic input into the iron formation was
episodically high, and may have continued at a lower backgrouatddexing times dominated
by iron oxide and silica depositipas suggested by the slightly elevated Al203 concentrations in

this interval relative to the bottom of the section

From 145.7168.8 m (n= 6), Y/Ho ratios return to superchondritic levelspaljh they
are much lower than those in the bottom interval, ranging from3b6®b(Fig. 4.7B). Gd
anomalies are flat to positive (Gd/Gd*= 0.291), as are most La anomalies (La/La*=0.99
1.15); a single sample has a negative La anomaly (0.93). The sibjiee patterns still show
HREE-enrichment overall, with Rt.o/Ybwmug ranging from 0.120.34, in the same range as the
immediately underlying interval (Fig. 4.7E). These samples all exhibit sealikatéeatures, but
the anomalies are much more subduneshtthose in the bottom interval, suggesting a continued,
but diminished, clastic contribution to the iron formation. Because of the thick covered section
between this and the preceding interval (Fig. 4.7A), it is impossible to Wihether there was
sharpchange or gradual shift from subchondritic to superchondritic Y/Ho. At the top of this
interval, both the Y/Ho and Gd/Gd* ratios decrease back towarénomalous values,
indicating a gradual shift toward the characteristics of the overlying section.

Samples from the top interval (1731B4.4 m; n=4), are characterised by flat to
subchondritic Y/Ho ratios (Y/Ho= 23.26.2), returning to the same range as samples from the
second interval (Fig. 4.6B). Gd and La anomalies are both negative to flat (GdIG4*E06;
La/La*= 0.91.04). Gd anomalies generally increase upward, but La lacks any significant trend.

Prvua/Ybwmug ratios show a strong increase-sgxtion, from 0.16 at 173.7 m, increasing to 0.29,
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0.47, and 0.71 at the stratigraphically highest sar(faly. 4.7F). The gradual flattening of the

REE+Y patterns wgection, paired with consistently flat to weakly subchondritic Y/Ho ratios,

indicates that the detrital flux was increasing upwhmghortantly, he two samples from the top

of the section, thee with the flattest REE+Y pattermdassifyasGl F sampl es (Ai ron
areniteso of Klein and Beukes, 1993), as oppo.
of siliciclastic material. The REE+Y evidence indicates that near the iron formptior to the

onset of strictly siliciclastic deposition, the flux of detrital material intohydrogenousron

formation increased, and was generally independent of the type of iron formation deposited.

Overall, the REE+Y record four separate geocleahintervals within the Iron Creek
section, with the lowest being strongly seawatéluenced, the next indicating a weak
siliciclastic component, followed by a return to weakly seawater conditions, and ending with
strongly siliciclastieinfluenced irorformation. This suggests that initially the iron formation at
Iron Creek underwent a steady increase in the influence of siliciclastic sediment, which briefly
lessened prior to a strong influx at the end of iron formation deposition. These intervalg broadl|
coincide with increased proportions of purely siliciclastic sediment (siltstone or diamictite)
interbedded with the iron formation, as well as textural evidence of shallowing in the iron

formation.

4.5.2 Discovery Creek
Variations in the REE+Y patterims the 13 samples from Discovery Creek (Fig. 4.8) are

more dramatic than those from Iron Creek. All samples have positive slopes, wifYBuo

ratios ranging from 0.07 to 0.69, reflecting strong to very weak HBEEhment; only five

samples have Rio/Ybmug < 0.20, showing that most of the samples have strongly positive

slopes, and only two of those havgilRYYbwue©O 0. 30. La anomalies are v
negative to positive, although most samples are statistically flat (La/La*=<10882.No

discernible stratigraphic trend is visible in the La/La* data. All samples have flat to weakly

negative Ce anomalies (Ce/Ce*= 0.B62), with a single sample showing a deeper negative

anomaly (Ce/Ce*= 0.79). Eu anomalies are highly variable, ranging\reakly negative to

moderately strongly positive (Eu/Eu*= 0-8734); only 4 samples have ranomalous Eu. Gd

anomalies are consistently flat to positive, with Gd/Gd* ranging from 1.02 to 1.16. Y/Ho ratios
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fall into a wide range, from flat to stronglyerchondritic (Y/Ho= 26-80.6), with the
exception of a single sample with a subchondritic ratio of 23.3. Y/Ho ratios form a clear

stratigraphic trend with decreasing valuesseaption.

The lower two iron formation horizons (346369.8 m; n=5) have singly
superchondritic Y/Ho ratios (Y/Ho= 3440.6) (Fig. 4.8B). No clear stratigraphic trend is
evident in this sample group, despite the large stratigraphic gap between the two thin iron
formation units. Gd anomalies are flat to positive (Gd/Gd*=-1.a8), with no meaningful
stratigraphic trend. All samples show strongly positive slopes overall, witl/®bmuo ranging
from 0.07 to 0.12. OthdREE+Y systematicare more variable in this group: La anomalies are
dominated by negative to flat values, epicgample DE369.8, which is strongly positive.
Similarly, the Eu anomaly is highly variable, ranging from negative to moderately positive (Fig.
4.8C). Despite the variations in this group, all REE+Y patterns recoredersdloped seawater
type patterns. Eewhere in the Rapitan iron formatidghe REE with the greatestlative
variability, La and Eupccur inotherwise extremely coherent datasets, which reflects a

combination of basin restriction and detrital input (Baldwin et al., 2012b).

The 414.54191 m interval, which is the lower part of the thicker, third iron formation
interval (n=5), also has uniformly superchondritic Y/Ho ratios. The ratios are slightly less
superchondritic, and fall into a tighter range than those from the lowermost ingparaijng
from 27.8 to 30.1. Gd anomalies, although uniformly positive, are generally smaller than those in
lower strata, with Gd/Gd* between 1.05 and 1.09. The HREE are less enriched in these samples
than the previous interval, with R/ Ybwmug values fallng between 0.11 and 0.27 (Fig. 4.8D).

Both the La and Eu anomalies are variable, as in underlying strata, and show no stratigraphic
trend. Overall, these samples still appear to record seaiypteREE+Y patterns, but with

smaller Y/Ho, Gd/Gd*, and Rro/Ybwmuo ratios, the influence of opemarine seawater was
probably diminishing.

Samples from the top of the iron formation at Discovery Creek, between 422.5 and 429.8
m (n=3), are as dissimilar from one another as they are from the samples from lower in the
section. Y/Ho ratios range from subchondritic to weakly superchondritic goisgatjpn

(Y/Ho= 23.3, 26.5, 27.2 respectively; Fig. 4.8B). Gd anomalies are flat to positive, and decrease
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near the top of the iron formation (Gd/Gd*= 1.07, 1.04, and 1.08 .oVerall slope of the

patterns is erratic, with Rio/Ybmug ratios of 0.29, 0.69, and 0.30 (Fig. 4.8E). Whereas alll
previously described samples had fairly uniform positive slopes, and vary only in thesdater
features, each of these three pattésrsstinct. The lowest of these, PA22.5, has a uniformly
positive slope, but is otherwise a faifgaturelespattern, which is probably caused by the
dominance of detrital material over the marine REE+Y signal. The middle sampk2D¥; is

has a oncavedown pattern, with LREE depletion relative to the MREE and HREE. The near
chondritic Y/Ho ratio of this sample suggests that it records a primarily crustal signature,
although this signature is strongly diluted by >2 orders of magnitude. The ugbesanwle,
DC-429.8, is the most unusualth its concaveup patternshowingstrong LREE and HREE
enrichment relative to the MREE. When compared to samples from lower in the section,
specifically DG414.7, which has a very similar Y/Ho ratio, the pattemesalmost identical in all
elements heavier than Sm (plus Y). Thus, it can be reasonably inferred that this was primarily a
weak seawatederived pattern that was overprinted by a phase rich in the LREE (La, Ce, Pr, Nd).
Normally, this might be attributeto the presence of the Phosphate monazite, but this sample
has half as much,BPs as the average of the entire section. Consequently, the LREE enrichment is

of uncertain origin.

In summary, the two low, thin intervals of iron formation at Discoverye€k have well
developed seawat¢ype REE+Y patterns, indicating minimal geochemical influence from
siliciclastic input. The topmost and thickest iron formation interval, however, shows a marked
decrease in its Y/Ho ratios and generally less seaWlégpatterns overall. The upper half of the
third iron formation unit has erratic REE+Y patterns with variably ciralnondritic Y/Ho ratios,
suggesting the dominance of a different geochemical source than that of the lower intervals. This
upward evolution, &hough suggesting an increase in siliciclastic input overall, may be further
complicated by the presence of copper mineralisation and possiblegpustitional, prdower-

Paleozoic weathering.

4.5.3 Cranswick River
Of the 42 samples from Cranswick Ri€rg. 4.9A) described by Baldwin et al. (2012b),

33 have uniformly seawat¢ype REE+Y patterns, and the remaining nine are removed from
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discussion because of their dramatically different patterns. These nine samples were scattered
randomly throughout thstratigraphy of the iron formation, interspersed with the otherwise very
homogeneous samples. Interestingly, however, all of these samples have superchondritic Y/Ho,
with only a single sample showing a neaondritic ratio of 26.5. All other patterns, seder or
otherwise, are moderately to very strongly superchondritic (Y/Ho=£28%) (Fig. 4.9B). The
consistently superchondritic Y/Ho strongly suggests that even the otherwise unusual REE+Y
patterns all have a substantial, if not dominant, seawaterarnp which is quite distinct from
theother studied locations. REE+Y patterns from this section are very coherent regardless of

stratigraphic position (Fig. 4.9C).

4.5.4 Hayhook North
The REE+Y patterns in six samples from the thin iron formation ahétayNorth (Fig.

10) are all very coherent throughout thenetersection. Pyiug/Ybwmug ratios record a moderate
degree of HREEenrichment, ranging from 0.27.43. La anomalies are flat to positive (La/La* =
0.941.28), whereas Ce is consistently fairlyt {@e/Ce* = 0.981.06). All samples lack any kind

of Eu anomaly, with Eu/Eu* values ranging from 0.95 to 1.06. The entire iron formation shows
positive Gd anomalies, ranging from 1.09 to 1.15. Y/Ho ratios range from modestly to strongly
superchondritic (Mo = 28.835.8) (Fig. 4.10C). Due to the strong coherence of the REE+Y
patterns throughout the section, there is no stratigraphic trend with respect to any of the
anomalies (Fig. 4.10B). All of the REE+Y proxies, as well as the overall shape of thegjattern
strongly support a seawater source for the iron formation at Hayhook North, although the fairly
high Pxuo/Ybmug ratios and modestly superchondritic Y/Ho ratios suggest that this signal was
slightly diluted as compared to seawaderived cherts from ém Creek, Discovery Creek, and

Cranswick River.

4.5.5 Hayhook South
Samples (n = 12) from the iron formation at the top of the Hayhook South section (Fig.

11) exhibit REE+Y patterns in two distinct groups. The patterns have positive slopes, with
Prvua/Ybwmug ratios ranging from 0.19.84; this is a large range from moderately strong to weak
HREE-enrichment . Lanthanum anomalies show a large range from deeply negative to positive

(La/La* = 0.681.16). Cerium anomalies are variable, ranging from negativesitiye (Ce/Ce*

145



=0.861.17), although half of the samples are have essentiaiyjomalies. Europium

anomalies are predominantly weakly negative to flat (Eu/Eu* =0.88, n = 10), although two
samples have Eu/Eu* < 1.05. Most samples either have rmam@ualy or a positive anomaly
(Gd/Gd* = 1.011.15, n=11), except a single sample with a very small negative anomaly (Gd/Gd*
= 0.95). The Y/Ho ratios record the most dramatic variations, ranging from deeply subchondritic
to strongly superchondritic (Y/Ho ¥6.540.3). The Y/Ho ratios form two very wedleveloped

groups stratigraphically, one with superchondritic ratios, and one with chondritic to subchondritic

ratios.

Samples from the lower interval of the iron formation (23233.4 m) all have
superchodritic and decreasing Y/Ho ratios (Fig. 4.11B) that are between 40.3 at the base of the
interval and 29.3 at the top. Similarly, the Gd anomaly decreases with increasing stratigraphic
height, from 1.10 and 1.15 at the bottom to 0.95 at the top. Otherteegnaxies are more
erratic throughout the section, with no stratigraphic trend for either La (La/La* 10197, or
for Pivug/Ybwmug (0.19-0.84) (Fig. 4.11C). Although Réo/Ybwmug ratios do not form any well
developed stratigraphic trend, the sampléwhe very high ratio (H233.4; Piwo/Ybmug =
0.84) is the highest in this section. This pattern is very flat overall, and with generally poorly
developed anomalies, relative to the rest of this group (Gd/Gd* = 0.95, Y/Ho = 29.3). Although
someresemblane with a seawater REE+Y signature is present in this sample, it is much more
strongly dominated by siliciclastic input, unlike the other samples in this group. This pattern is
consistent with the transition from bedded jasper and hematite to an inteintarioédded IF
and siltstone at the digtale just above this sample (Fig. 4.11A). Overall, this interval records
moderate to weakly developed seawater REE+Y patterns, with some evidence for an increase in

siliciclastic input higher in the interval.

The wper interval, from 234.6 to 237.0 m, in contrast with the lower part of the iron
formation, has flat to strongly subchondritic Y/Ho ratios ranging from 16.5 to 25.6. Such
unusually low values in iron formation have been attributed elsewhei®y®ling bebw a
redoxcline(e.qg., Planavsky et al., 2010)his does not appear to be the case here, because such
Mn-cycling would also produce a positive Ce anomaly, and all Rapitan samples with
subchondritic Y/Ho have flat to negative Ce (0B%5) (Fig. 4.11B). fie only sample with a

146



small positive Ce anomaly (Ce/Ce*= 1.05) has an approximately chondritic Y/Ho r&6o6of

Based on these inconsistencies, afétox shuttle can be dismissed as the cause of the
subchondritic Y/Ho ratios. Alternatively, these ratimay be related to the presence of copper

sulfide mineralisation (chalcopyrite) along jasper and hematite bedding contacts in some of these
samples. The sulfide minerals are very weathered, and Y has been noted to be highly mobile even
after mild, lowtenmperature alteratio(e.g., Hill et al., 2000)It appears that Y loss occurred

either during posRapitan mineralisation, or during sulfide weathering, but it is uncertain which

is responsible for these negative Y anomalies

Besides the Y/Ho ratios, the pans from the upper interval at Hayhook South differ
from seawater in other ways. Superficially, thewfYbwmug ratios are consistent with HREE
enrichment from a seawater sourcewfYbmuo= 0.260.50), but the overall shape of these
patterns does nalepict steady light to heavy enrichment, but instead shows stronger depletion of
thelightestLREE relative to the MREE than it does from the MREE to the HREE. Furthermore,
most samples show sharp, negative La anomalies (La/La* 00868, except for me sample
with a pronounced positive La/La* value of 1.16. Gd anomalies are all either flat or positive; four
out of six have Gd/Gd* = 1.01, and the others are 1.07 and 1.15, respectively. Overall, these
patterns appear to be the product of mixed souecs#iciclastic source, which overwhelmed any
primary seawater signature, was followed by the removal of Y from the system either during Cu

mineralisation or weathering.

4.5.6 Sources of REE+Y variability
The considerable variability in the REE+Y raticged as seawater proxies in samples

from the Rapitan iron formation may be the result of several different influences. These include:

1) The presence of comparatively high voluréREE-bearing phosphate minerals;
2) The development of a strong redoxcline with egggo either Mn or Fe;

3) The presence or absence of€iufide mineralisation;

4) Variations in the detrital flux into the depositional basin

5) Influence of freshwater (likely melt water) admixture into restricted rift basins
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Each of thesbas the potential tmfluencethe REE+Y chemistry of the iron formation, and it is

possible that all or several of them contributed to variability.

The presence of a significant volume of phosphate minerals is known to affect the
REE+Y composition of hydrogenous rocks. Th&idctly nonseawatetike patterns preserved
in marine phosphatds.g., Picard et al., 2008)em from oveeenrichment of certain REE in
specificphosphate mineral species, which can naasétherwise normal marine signature
(Shields and Webb, 2004)his is an important concern in the Rapitan iron formation, because of
the previously reported high®s content of Neoproterozoic iron formation (e.g., Klein and
Beukes, 1993Regardless, phosphate overwhelming the REE+Y budget can be excluded as a
main reason for REE+Y variability in the studid&hpitan iron formatiosampledor two
reasons. Precreening by laser ablation IWS showed that #®s in the Rapitan IF is
concentrated in hematite, rather than jasper; the samples analysed in this studysiregxcl
jasper. Limiting analysis to jasper produced lowgdfoncentrations than those in large data
sets that analysed bulk Rapitan iron formation samples that included hematite(1SG@yt
reported a range of 0.4B360 wt% BOs with a mean of 0.8and a median value of 0.77, whereas
samples analysed here fall between 0.001 and 1.08 wi%oARth a mean concentration of 0.21
wt % and a median of 0.16. Thus it is apparent that analyzing only the jasper in the IF limits the
data to material with inhently low phosphate present. Furthermore, no clear relationship is seen

when any of the REE+Y proxies are plotted again€gP

The possibility of Mn or Fe redox cycling is compatible with dlceurrencef
subchondritic Y/Ho ratigswhich are practicallynknown in preGOE hydrogenous sediments
(e.g. Kamber, 2010As discussed in the preceding section, however, Mn or Fe-matirg
also leads to welllevelopedositive Ce anomalies$n the present dataset, there is no correlation
between Y/Ho and theofarity of the Ce anomaly % 0.0426) Furthermore, there are no
obvious relationships between,Bg and MnO (not shown) concentrations and any of the
REE+Y proxies.

The possible influence ohineralizing fluidson REE+Ysystematicss aviable
explanaton for those samples that were takeprioximity of Cu sulfide and their weathering

products (Hayhook South), float (Discovery Creek), or nearby iron formation outcrop (Iron

148



Creek Baldwin and Turner, 2012). As discussed above, the most dramaticallyosdhbitio

Y/Ho ratios correspond to samples containing Cu minerals, or are stratigraphically associated
with such sampleg\lthough there is no correlation between Cu concentrations and any of the
REE+Y anomalieshis offers an acceptable explanation fome of the unusual Y/Ho ratios, but
fails to explain the variations in the slope of the REE and the Gd anomaly, which do not show

any clear relationship with the presence or absence of Cu minerals.

Thefourth possible cause for REE+Y variability is tilfluence of detritusGiven the
generally low concentrations of the REE+Y in these samples, an authigenic seawater signature
could be easily overwhelmed by the contribution of siliciclastic material. When this possibility is
tested by comparing the seawaievxies directly to AIO; content, however, no clear pattern
emerges. Thidiscrepancyvasalreadydocumented by Baldwin et al. (2012kith Eu. These
authors found thatlevated Eu/Eu* values consistently occurred in samples with higk®s, Al
but not all samples with high AD; had elevated Eu/Eu*. Bproblem was attributed to the
presence of Epoor aluminous phases in the jasper, but may also be related to the concentration
of Al relativeto that of another, more abundant element, such as Fe. Thibipiyswas tested
by plotting the seawater proxies against the molar ratio of Fe/Al (molar ratios were used because
of the dramatically different concentrations of the wt% oxides of these elements), which yields a
fairly clear relationship. When plottegjainst the Riuo/Ybmug ratio, one clear trend emerges.
Without exception, thaigh Fe/Al samples (i.e. those low in siliciclastic material) have
consistently very low, open marif,o/Ybumug (Fig. 4.12A).Equally, all samples with high
Prvuo/Ybmug have bw Fe/Al. This reflects flatter REE+Y patterns with increasing Al content
relative to Fe (increased detrital flux to the iron formatibtgwever, there remains a group of
samples with relatively steep patterns but much lower Fe/Al. Sireilaionshis are present
with other REE+Y ratios. A weakly hyperbolic relationship exists between Fe/Al and Eu/Eu?,
especially when samples with negative Eu anom
This highlights the previous observations of Baldwin etZil12b) and Klein and Beukes (1993),
that positive Eu anomalies are present only in samples with elevated amounts of siliclastic
materia) most likely plagioclaseich samples with relative excess in.Hine relationships of
Y/Ho and Gd/Gd* with Fe/Al, howeer, areless clear thathose of Riug/Ybmug and Eu/Eu*

(Fig. 4.12C, D). Superchondritic Y/Ho and positive Gd anomaleesur at high and low Fe/Al
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and low excesses of Y and Gd are not restricted to samplewitfe/Al ratios. The fact that
neither ofthese plotgenerates welldeveloped hyperbolic relatghip reflects the influence of
furtherfactors on these ratios, such as the connection between Cu mineralisation and
subchondritic Y/Ho.

A final factor to be considered is the possibility of sudfieshening of ambient water in
response to ice collapse. This possibility is explored for the Discovery Creek section in Figure
4.13. Here it is found that the lowermost samples have very low Ba/Sr ratios, which is a clear
indication of a marine charactevhereas the middle section (meters 416 to 420) shows highest
Ba/Sr (Fig. 4.13B). There is a clear association of high Y/Ho ratios with the marine low Ba/Sr
and equally a clear flattening of the REE+Y pattern with lowering of the Y/Ho ratio (Fig. 4.13C,
D). The uppermost samples show evidence for elevated Th/U ratios, which is a clear indication of
clastic sediment admixture, which also goes in hand with a flatter REE slope (Fig. 4.13D). This
chemostratigraphy could thus be interpreted to reflect anlipsiedimentstarved marine
environment, followed by substantial release of fresh (possibly melt) water, that strongly
increased the Ba/Sr ratio and blurred the marine REE+Y systematics immediately followed by an
increase of clastic sediment input. Thedastages could be interpreted with the concept of
Pleistocene Heinrich events. The complex interplay between marine precipitation, freshwater
influx and variable clastic sedimentation probably expl#iesabsence of a welleveloped
hyperbola in the G@d* diagram (Fig. 4.12D). The Fe/Al ratios do not correlate well with the
variations in the La/La* values, but the presence of negative La anomalies was found to be an
artefact of normalisation together with felsic drainage into a restricted basin (Bafdalin
2012b). Renormalisation to a granitic average (as opposed to MuQ, as used here) either flattens

the pattern or generates a positive La/La* in most samples, as previously established.

Overall, the results from this large, regional dataset arestensiwith the conclusions
reached using data from a single location (Cranswick River; Baldwin et al., 2012b), but with
increased variability owing to locally and intermittently elevated siliciclastic content in the iron
formation, as well as other geocheal influences that were not at work at Cranswick River.

Understanding the variations in the REE+Y helps to distinguish broad depositional patterns with
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respect to proximity to sediment supply across the regional expanse of the Rapitan iron

formation.

4.6 Discussion

Major regional stratigraphic and geochemical differences in the Rapitan iron formation in
the Snake River and Redstone basins have significant paleogeognmgpications The most
significant of these is the thickness and widespread ocma@f iron formation in the former,
and itslimited thicknessnd patcki occurrencen the latterlf the precipitation rate of Fexide
precursors and silica was roughly constantomplete shedown of terrigenous clastic input is
required to deposit substantial thickness of purely hydrogenous iron formation. The Snake
River basin must, therefore, have had a much migreficantinterval of siliciclastic sediment
starvation than did the Redstone basin, where sediment starvation must have bdendhsdyl
and brief. An argument could be made for a smaller supply of dissolved iron in the Redstone
basin than the Snake River basin, based on the lower percentage of hematitic beds in the iron
formation there (1:20% maximum), but the large concentrataf FeOs in the siliciclastic parts

of the Sayunei Formatiofaverage 12.1 wt%, Yeo, 198dggates this possibility.

There are several possible explanations for why the Snake River basin was more
sedimenistarved than the Redstone basin. Regionallyl®gppediment may have been
temporarily trapped in a nearby basmargin area in the Snake River basin during interglacial
sealevel rise; sediment stranding during deeel rise was part of the depositional model
proposed by Baldwin et g2012b) An explanation that invokes sediment supply, however, is
applicable to deposition of the Rapitan iron formation in both basins, because it can be
reasonably assumed that iron formation deposition was contemporaneous across the entire basin
system during a majaegional sedevel rise(Klein and Beukes, 1993A more distal position
for the Snake River basin than the Redstone basin, however, appears to conflict with the
observation that the Sayunei Formation in the Snake River basin is much coarser graimed than
the Redstone basin. Furthermore, the steep faulted contact with the Wernecke Supergroup and
Pinguicula Group on the western margin of the Snake River basin (Eisbacher 1981b) suggests
that it is possibl¢hatthe basin was not necessarily physicallyalist sediment source, and that

151



sediment trapping above the basin margins niagletherwise proximal basin very distal during

iron formation deposition. This is in sharp contrast with the Redstone basin, which had-shallow
sloped basin margins, with sigicdint sediment transport distances during Sayunei Formation
deposition, resulting in the fingrained turbidites. The shallesloped basin margins resulted in a
shallower basin overall, with less sediment trapping outside of the basin margins duigwpkea
highstand, which combined to cause a relatively brief period of siliciclastic sediment starvation to
the basinCombined with a comparatively thin ferruginous water column in the deepest basin,
this featurecaused the deposition of much thinner iromrfation than that deposited in the Snake
River basin (Fig. 4 8).

Most of the iron formation sections analysed for their REE+Y geochemistry show clear
stratigraphielly controlledvariability. Well-defined intervals of hydrogenous and siliciclastic
influenced iron formation (despite being sedimentologically indistinguishable) are present in the
stratigraphic sections at Iron Creek, Discovery Creek, and Hayhook South. This makes the
geochemically homogeneous stratigraphic sections at Cranswick River anoolddyorth
unusual (particularly the thick Cranswick section). The stratigraphic patterns in each of the
former three sections indicate a strongly hydrogenous, partigddimenistarvedenvironment
that received purdyydrogenousron formation, particlarly at the onset of iron formation
deposition. Higher in these sections, the influence of siliciclastic material on the REE+Y
chemistry increases (although this pattern is complicated at Hayhook South due to the presence
of copper sulfide mineralisatioas discussed above). Iron Creek is the thickest and most
complete of these three sections, and contains two complete alternations between purely
hydrogenousand siliciclastieinfluenced iron formation. The second alternation is more strongly
siliciclastic-influenced in both the hydrogenous and silicladeninated intervals (transitioning,
in increasing stratigraphic order, from strongly hydrogenous to weakly siliciclastic, to weakly
hydrogenous to strongly siliciclastic), which are overlain by hemattitistone and siltstone.

The stratigraphic evolution of the REE+Y in the Iron Creek section records gradual basin filling
with increasing siliciclastic input, although chemical sedimentation was still the dominant
process. The combination of thick silil@stic interbeds (up to 21 m) and increasing detritally
influenced REE+Y patterns suggests that throughout iron formation deposition, there was at least

one episode of moderate s&avel lowstandpotentiallycaused bynoderate local tectonic
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activity, or perhaps high-order Milankovitch cycle. Thesturn to more hydrogenousfluenced
REE+Y at Iron Creek higher in the succession suggests that sediment starvation was renewed
partway through iron formation deposition, through either renewed subsidence or sea level rise.
The return to strongly siliciasticinfluenced iron formation at the top of the section, as well as
the presence of shallewater iron formation facies (GIF) in the uppermost strata of the iron
formation, suggest that sediment starvation was minimal at the end of iron formatiortideposi
even during predominantlyydrogenousediment deposition. The loss of sediment starvation

was probably the result of several factors, including significanteseh lowstand and basin

infill. The former wadikely more important, and is consistenth the apparently more ice

proximal depositional setting of the overlying Shezal Formation, which is predominantly
composed ofubmarine diamictite with variable clast contdidisbacher, 1978furthermore,

the Shezal Formation is irggoor in most aras (except immediately overlying the iron formation

at Iron Creek), and is on average several weight percent lowesQq than the Sayunei
Formation(Yeo, 1981) which suggests that it was deposited in shallow water above the iron
chemocline in the basihastly, the presence of remobilised jasper clasts, which appear to have
been deformed prior to lithification in diamictites positioned either above the iron formation
(Cranswick River), or in place of it (Boomerang), indicates that relativelgnoeimd areas of

iron formation deposition were susceptible to reworking by the later influx of glacioclastic
sedimentation. The sedimentology and iron content clearly indicate that a significant drop in sea
level followed, and possibly triggered, thleutdown of iron formation depaosition in the Rapitan

Group.

These stratigraphic and geochemical considerations define significant changes in the
depositional patterns of the Rapitan Group across the entire régere is aclear geographic
pattern for the distbution of iron formationThick iron formation is clearly associated wéh
early-stage rift,but iron formation is thin to abseint areas with wetdeveloped, earlier rit
associated sedimentary packagésese observatiorssiggest that a system of feudnd sub
basins may have been the primary control on the distribution and sedimentation style in the
Rapitan Group.
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4.6.1 Basins and faults

The considerable regional differences in the formalewel stratigraphy of the Rapitan
Group, including thickngs and geographic extent of the iron formation, between the Snake River
and Redstone basins appear to be a depositonalot a deformational or erosional feature.
Similarly, the absence of the Rapitan Group in the large area between the thassigppears
to record no deposition, rather than later erosion (Eisbacher 1981). Even within each of these
basins, variations in the thickness and distribution of the Rapitan Group and the iron formation
are considerable. Internal variations are relatively miméhe Snake River basin, but are more
pronounced in the geographically much more extensive Redstone/fAasiry. important
observation is thahe margins of each of these basins, as well as changes in the stratigraphic
character (e.g., major thicknessanges in the Sayunei Formation, the appearance or
disappearance of iron formation), correspond with the locations of mapped and inferred major,
crustalscale fault systems. The locations of inferred syndepositional faults were based on overall
thicknesschanges in the Coates Lake and Rapitan grftigbacher, 1981b, 198%ut alsoon
unusual thickness and facies patterns for{tlakémited units in the underlying Katherine and
Little Dal groups of the Mackenzie Mountains Supergrfiiyrner and Long, ZIB). A
comparison of the areal distribution of the iron formation and the proposed locations of many of
these faults suggests that they may rexerted dominantontrol on the distribution, and even
thickness, of the iron formation.

Nine faults, both dagmented and inferred, are present in the exposure area of the Rapitan
Group (Fig. 4.4). Because most of the faults are inferred based on stratigraphic evidence from
rocks that predate the Rapitan basin rather than documented directly from structuradesvide
(with the exception of the Snake River fault on the western margin of the Snake River basin), the
relative timing of their activity and their sense of movement at any given time cannot be
ascertained. Changes in stratigraphic thicknesses, howevaglgtimdicate their approximate
positions, as well as which side was the ddlnown side of the fault. Most of the faults
implicated in Rapitan basin evolution were also active prior to deposition of the Rapitan Group
(Turner and Long, 2008and some, ihot all, of these structures were active throughout Rapitan
deposition based on localised deformation feat(ess, Helmstaedt et al., 197@Qonsequently,

the only available means of categorising these faults is by their importance in basin development
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with minimal implications with regards to timing or origin. Faults are here sorted using the term
6classd rather than the more conventional ter|
implications. The fault series are as followsass 1: Major bBsinrbounding faultsClass 2:

Major basinchanging faultsandClass 3: Minor baskithanging faultsEach category is

establishedbased on its significance in defining the paleogeography of the basin: some faults

define basin margins, some mark depth g¢eanwithin the basin, arathersmark minor changes

in basin depth.

The Snake River, Cranswick, Stone Knife, and Silverberry faults are Class % (basin
bounding) faults. The Godlin and Ravends Thr o,
therearemj or changes in sedimentation, such as ap
Creek, Mountain River and Redstone faults are Class 3 faults, across which significant thickness
changes are evident in the Sayunei Formation and underlying litho{0gies1981; Jefferson,

1983; Eisbacher, 1985; Long et al., 2008; Turner and Long, 2B@3)ther previously proposed
structures met any of the above criteria, but the Fort Norman strudiitken and Pugh, 1984)

just south of the Godlin fault, may be imfnt in the Boomerang or Nite aredbe hierarchical
classification of syndepositional faults helps in understanding the sedimentological development
of the Rapitan subasins, especially the presence and thickness of iron formation, and the
presence/absee of the underlying Coates Lake Group (CLG). Three styles dbasin are

present:

Type 1: Older rift basin with moderate subsidence and no iron formation (CLG present)
Type 2: Older rift basin with elevated subsidence and thin iron formation (Clséntje

Type 3: Young rift with substantial subsidence and thick iron formation (No CLG

present).

Each of these basin types is bounded by one or more of the above fault series, and is distinct in

several sedimentological and stratigraphic ways.

In Type 1 lasins, the Rapitan Group is underlain by the Coates Lake Group, indicating
that the basin had a recent depositional history prior to Rapitan Group deposition. The main

example of this basin type is the northern part of the Redstone basin (between Skea@dni
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Twitya Rivers). Bounded to the north by the Series 1 Stone Knife fault, thisasi in

underlain by a substantial but variable thickness of the Coates Lake Group, and contains both the
Sayunei and Shezal Formations. Iron formation is absentghoon this area, and this basin type

in general. The absence of iron formatindicates that the basin floor in this basin type was at or
above the iron chemocline at the time of iron formation deposition. The absence of iron
formation,the presence of pRapitan rift deposits, and the apparent pinahof the Rapitan

and Coates Lake Groups north of the Stone Knife River suggests that this was a shallower basin
than other areas of the greater Rapitan basin, on the margin between the Redstone basin and th
area to the northwest of the basin, which remaimedebase level until the pofapitan Twitya
Formation was deposited. Because this basin type is apparently the oldest and most marginal of
the listed types, it can contain shhsins of Types 2 or 3ithin it, if they are subdivided by

faults of Class 2. Thickness changes in Type 1 basins are controlled by either Class 3 faults, such
as the Mountain River Fault, in the case of substantial thickness changes, or by more minor
structures that had an inflace on the paleobathymetry of the basin, but have not been
documented here (Fig. 6A).

Type 2 basins, in which both the Coates Lake Group and iron formation are present,
include most of the Redstone basin south of the Twitya River, where the noirthieot thin
iron formation is immediately north of the Godlin River. Increased fault movement, and
consequently the creation of additional accommodation space, allowed for this part of the basin to
become particularly deep, which allowed for a prolongeerval of siliciclastic sediment
starvation at the end of Sayunei Formation deposition. Sedimentological isolation of a deep basin
depocentre permitted deposition of iron formation throughout most of this basin, but limited its
thickness to no more tha®-15 metres. Although this part of the basin had undergone more
subsidence than the Type 1 basin to the north, it did not starve the basin of siliciclastic material
for a time that was long enough for accumulation of thicker iron formation, as in the imake
basin. The limitations of sediment starvation are also shown by the REE+Y patterns from the iron
formation at each of the Hayhook measured sections. Hayhook North has consistently seawater
type REE+Y patterns, with high Gd/Gd* and Y/Ho ratios, awd Pr/Yb. The iron formation is
only 0.7 m thick in this section, however, indicating that the sediment starvation at this location,

although complete, was also brief. The short duration of sediment starvation is corroborated by
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the relative paucity of parseawatetype REE+Y patterns from the much thicker (6 metre) iron
formation a short distance away in the Hayhook South section, where even treeavester like
patterns are more poorly developed than at Hayhook North. This variation over such a short
lateral distance probably reflects a complex paleobathymetry, across which the iron formation
wasdiscontinuous. The entire Redstone Basithusbest visualised as@mplex of subaqueous
lows and highs, which controlled where iron formation depositichpessible (Figd.15A). The
presence of plastically deformed, reworked iron formation clasts in the lowermost Shezal
Formation in the Boomerang section and other nearby locations indicates that parts of the basin
had been sufficiently starved at some tim@ccumulate iron formation, but were later shallow
enough to have that iron formation completely reworked during later diamictite deposition. This
subbasin is bounded by a Class 2 fault (Godlin fault) to the north, which separates it from the
Type 1 pat of the Redstone basin, and is bounded to the south by the Class 1 Silverberry fault.
Like the Type 1 basin, this basin type can contain smaller, deepbasins of Type 3,

specifically the Hidden Valley area.

Type 3 basins are the youngest, and atithhe of deposition, were the deepest and most
di stal of the Rapitan basin system. These bas]
and are not underlain by Coates Lake Group strata, instead lying in unconformable contact with
the older Little @al Group. There are two examples of this in the greater Rapitan basin: the entire
Snake River basin, and the very small Hidden Valley basin (FigA%.Both of these basins are
directly faultbounded, and are in angular unconformable contact with ttie Dial Group. The
absence of the Coates Lake Group beneath each of these Type 3 basins indicates that they were
not areas with a depositional history that closely predated deposition of the Rapitan Group, and
suggests that they began receiving Rapitaru@sediment very soon after their development.
This interpretation of recent and dramatic basin initiation in areas underlain by Little Dal Group
strata rather than Coates Lake Group strata is further supported by the coarseness of the
siliciclastic rocksbelow the iron formation in Type 3 basins, which probably reflects proximity to
a faulted basin margin. In both Type 3 basins the Sayunei Formatitaansosignificant
thicknesses (050 m) of mgraned tuwbidies that dominatethisr i al
formation in the other basin types. In the Snake River basin, the iron formation is underlain by

red to purple diamictite with a sandy matrixkewise, the iron formation at Hidden Valley has
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several coarse clastic units underlying it. In immediate contact with the Little Dal Group is an
orange to tan boulder diamictite, similar to the Mt. Berg Formation in the region, which is
irregularly ovelain by purple finegrained turbidites typical of the Sayunei Formation. The top

50 metres of the Sayunei Formation (below the iron formation), however, is mediaoarse
grained purpléborown sandstone, a feature not documented elsewhere. The geaoh tie

coarse material from each of these two Type 3 basins is dramatically different, but the reason the
coarse sediments are present is the same. As newly developed rift basins at the time of
deposition, these basins were both bounded by relativeiydmgled basin margins, which

would have been prone to collapse, supplying coarser siliciclastic material to the distal parts of
the basin than would otherwise get there. Once the basin margins had stabilised, the basin
remained deep enough to be starvesil@iclastic sediment during protracted highstand,

allowing for thick iron formation to be deposited. This also resulted in some other differences in
the sedimentology of the iron formation. Massive hematite, as opposed to slaty (or flaggy)
hematite, ipresent in both of these basins, whereas it is completely absent in Type 2 areas.
Likewise, the iron formation in the Type 3 basins contains abundant jasper nodules, which are
rare in thinner iron formation exposures, where the jasper is exclusivelybhddie suggests

that the deeper basins had a thicker ferruginous, otrricbnwater column, allowing for the
deposition of much larger amounts of hematite relative to silica, and that the siliciclastic input
into the deepest basins was low enough taffett the sedimentological character of the iron
formation. The relatively thick iron formation at Hidden Valley contains characteristics of iron
formation from both Type 2 and Type 3 basins, suggesting that this small Type 3 basin was not
nearly as deeps the Snake River basin.

Sediment infilling of the Snake River and Redstone basins diffeegkedly In both
basins, the siliciclastic portion of the Sayunei Formation was deposited during a glacial period
with relatively low sea level, which allowele delivery of significant amounts of siliciclastic
material to the distal parts of the basin in each (FigAl.B). Sedimergin the Snake River
basin was sourced from the north, resulting in even sedimentation of diamictite with a sandy to
muddy matrixacross the eastest axis of the basin, whereas different paleocurrent directions in
different parts of the Redstone basin suggest multiple sediment sources in different parts of that

basin (Eisbacher 1981b). Broadly, paleocurrent directions in the Redsasin indicate two
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differently sourced areaene that was situatdzktween the Stone Knife and Mountain River

faults, andanothebetween the Godlin and Silverberry faults. In the former area, paleocurrents
indicate the dominant sediment source washftbe northeast (coming out of Fig. @g),

whereas sediment sources for the latter area were sourced from the southeast. These basins were
separated by an elevated horst between the Mountain River and Godlin faults, where the Sayunei
Formation was not degited (Yeo, 1981)Towardsthe end of Sayunei Formation deposition, an
interglacial period began, with a concomitant rise inrleeal. This sedevel rise flooded the

basin margins of both the Snake River and Redstone basins, resulting in significiatatssit
sediment trapping outside of the basins, and starving the distal basin of sedimentation. In the
Snake River basin, this allowed the deposition of a significant thickness of iron formation with
only periodic interruption by siliciclastic sedimation during intervals of moderate deael

lowstand (Fig. 4.8C). In the Redstone basin, the eédayunei Formation highstand only

permitted thaleposition of iron formatioto thesouth of the Godlin fault. This is because the

areas to the north had undergaufficient sediment infilling that the basin floor was above the

iron chemocline, making iron formation deposition impossible. Irregular basin floor topography
south of the Godlin fault (Figt.15A) resulted in variable iron formation thickness across th

basin (630 m) (Fig. 4.6D). Iron formation deposition continued in both basins until either the

iron supply was exhausted, or the iron chemocline was intersected by the sesdiavestier

interface. In the case of the Snake River basin, the chemodmealyove wave base, resulting in

the deposition of GIF at the top of the iron formation, which was overlain by mildly hematitic
siliciclastic sediments in some localities (e.g., Iron Creek) (Fi®E).1ron formation deposition

was quickly followed by @rop in sedevel due to glacial radvance, depositing the Shezal
Formation.Importantly, he local occurrence of clasts of iron formation that have undergore soft
sediment folding in the base of the Shezal Formation (e.g., Cranswick River and Boomerang)
indicates that Shezal Formation sedimentation started soon after the end of iron formation
deposition, and corresponded with a sharp change in seawater chemistry (Baldwin et al., 2012b;
2013). The Shezal Formation was deposited evenly across both theRdrerkand Redstone

basins, including across the horst between the Mountain River and Godlin faults in the Redstone

basin (Fig. 4.6F). The deep watenudstoneand siltstone of the overlying Twitya Formation
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(Yeo, 1978) were deposited across the entirmrefpllowing total glacial withdrawal and a

major rise in sedevel associated with the end of the Sturtian glaciation.

4.6.2 A revised correlation scheme for the Rapitan Group
The substantial differences in the Rapitan Group between the Redstone kedRbea

basins have resulted in a highly disputed stratigraphy in the latter basin. This is in large part
because of two factorfirstly, the considerable thickness of iron formation in the Snake River
basin, angecondlythe absence of fingrained (dty and muddy) maroon turbidites

characteristic of the Sayunei Formation at its type section (Eisbacher 1978) and elsewhere in the
Redstone basin. This latter issue has proved to be more troublesome factor, and has resulted in at
least two different formain-level stratigraphic interpretations for the Rapitan Group in the

Snake River basiThe original interpretation suggestidt the Sayunei Formation is

completely absent in the Snake River basin, due to the lack of the characteristic turbidites (Yeo
1981). In that interpretation, the diamictites and other siliciclastic rocks in this basin are all
attributed tahe Shezal Formation, and the iron formation is positioned midway in that formation.
Although there are textural similarities between the diataithat underlies the iron formation,

and hematitic strata in the Shezal Formation in the Redstone basin, this interpretation requires the
assumption that the iron formation was not a time horizon across the entire exposure belt. Klein
and Beukes (1993)yeferred a more parsimonious stratigraphic interpretation, wherein the iron
formation in the Snake River basin was a time horizon with that in the Redstone basin. They only
equate the diamictite immediately underlying the iron formation in the SnakelRisierwith

the Sayunei Formation in the Redstone basin, instead correlating the lowermost diamictite with
the Mt. Berg Formation. This correlation scheme is also favored by Hoffman and Halverson
(2011). Wherehis correlation scheme fails, is that the dietites underlying the iron formation

in the Snake River basin are sedimentologically similar throughout their thickness, and are
hematitic. Mapped exposures of the Mt. Berg Formation are geographically limited to the
southern end of the Redstone basig,ariversally directly associated with fault margins, and are
exclusively norhematitic (Yeo 1981). Consequently, from a sedimentological and geographic
standpoint, the presence of the Mt. Berg in the Snake River basin can be eliminated, although

certain éements of this latter interpretation remain valid.
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Based on the detailed stratigraphic study presented here, a clearer picture of the
formationlevel stratigraphy of the Rapitan Group can be made. All Rapitan Group siliciclastic
rocks underlying the iroformation in the Snake River basin are part of the Sayunei Formation.
They are, however, a coargeined facies of the Sayunei Formation. A parallel with respect to
grain size is the presence of the 50 m unit of medjuamed sandstone at the top of 8a&yunei
Formation in the Hidden Valley area. This indicates that, in addition to the iron formation, the
Sayunei Formation, broadly speaking, has three different facies; thgréimed turbidites of the
Redstone basin, and two different coagsained &cies, the sandstone at Hidden Valley, and
sandymatrix turbidites of the Snake River basin. In the interpretggioposecdere, the coarse
grained facies are localised in isolated basins (Snake River and Hidden Valley), whereas the fine
grained turbidite are more widespread (Fig. A\1lron formation was deposited at the top of the
Sayunei Formation contemporaneously across both basins as a time hw&tdikely
corresponding to an interglacial slexel highstand, although the thickest depositsespond to
the basins in which the coarse facies Sayunei Formation were also deposited. Iron formation was
not deposited in the northern Redstone basin, and is thin throughout much of the southern
Redstone basin, except for localised areas where it iethislich as Hidden Valley and
(possibly) Coates Lake. The Shezal Formation
Shezal 6 as d(&84gigailooatfdatule wheré the uppermost Sayunei Formation
was reworked during Shezal Formatiompdsition. This new correlation scheme should resolve

the longstanding disagreement about the stratigraphic context of the Rapitan iron formation.

4.6.3 Implications for the rifting of northwestern Laurentia

The rifting of the western margin of Laurentiad i ng Rodi ni adés di spers
established as diachronous at the regional ¢Calpron et al., 2002)which explains the
laterally discontinuous Sturtiaege record along the Cordillera. The sedimentological evidence
presented hereirthersuggestshat rifting was staggered at a more local scale, with the
development of several siiasins at slightly different times across the Mackenzie, Wernecke,

and Ogilvie mountains.

Rifting began much earlier in the Redstone basin than in the Snake River basin, a

indicated by the presence of continemttitassociated rocks (basalt, red beds, evaporites) of the
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Coates Lake Group underlying the Rapitan Group in the Redstone basin, and their absence in the
Snake River basin. Furthermore, there is evidence thiagrikas temporally staggered within

the Redstone basin as well. Thickness profiles of the Sayunei Formation, the Coates Lake Group,
and the Ram Head Formation (Little Dal Grosppportthe notion of staggered rifting (Fig.

4.15C, D, E, F). Broadly speahq, areas where the Ram Head Formation and the Coates Lake
Group are thickest do not correspond with areas where the Sayunei Formation is thickest. With
few exceptions (notably in the vicinity of Coates Lake in the far south), the thickest
developmentsf the Sayunei Formation are where the Coates Lake Group is fairly thin. This
suggests that rifting within the Redstone basin system was more pronounced in different areas at
different times Namely,areas that underwent less subsidence during Coates Lalgp Gro

deposition subsitdmore prior to and during deposition of the Sayunei Formation. This suggests

that the earliest stages of rifting wemery localised across the region.

Overall, rifting of the Redstone basin progressed as follows: (keAistory duing
which the Little Dal Group was deposited. Subsidence was comparatively even along strike
during deposition of the uppermost part of the group, resulting in minimal thickness differences
along strike in the Ram Head Formation un#s @efferson, 1983Fig. 4.5C). (2) During
deposition of the upper Ram Head Formation, subsidencbecasningess even, resulting in
larger alongstrike thickness changes than those evident in usbt§Flg. 4.5D). (3) Rifting
began in earnest following the emplacemeno f t he #ALi ttl e Dal basalto
Coates Lake Group. Thicknesses of the Coates Lake Graepwghly variable along strike
The variability in thickness is interpreteddotline subbasins or embayments through uneven,
early-stage rifting (Fig. 4 .3E) (Jefferson and Ruelle, 1987%) Rifting and subsidence continued
through deposition of the Sayunei Formation, which is thicker where the Coates Lake Group is
thin, resulting from the combination of basin fill and enhancedidebse of areas where the
Coates Lake Group had not been deposited (Fi§F}. Continued subsidence resulted imare
regularthickness profile for the Sayunei Formation across the Redstone basin than that exhibited
by the Coates Lake Group. (5) Sucees$ormations higher in the Windermere Supergroup
became more evenly distributed along strike as extension progressed, eventually connecting the
Redstone and Snake River basins. Smaller rifts, more akin to the Snake River basin in areal

extent, simultanagsly developed to the northwest, in the Hart River and Tatonduk inliers,
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western Yukon and eastern Alagkaung, 1982; Macdonald et al., 2010Bxtension

progressed towards the full development of a passive margin in the latest Neoproterozoic
Cambrianwi t h deposition of the O6upper groupbé of t
time-equivalent Hyland Group in the Selwyn Bageg., Fritz et al., 1983; Aitken, 1989; Gordey

and Anderson, 1993; Cecile, 2000)

The observation thalhe progressive tiing stages of aupercontinent correlate directly
with depositional patterns in Rapitan Group glacial stnatasignificant implications fdate
Neoproterozoic, putatively global glaciatioifee vi dence i s consinisfttemt wi
hypothesis or fAsnowball Eartho pr@poHSuwed by Eyl es an
lithostratigraphic evidence may also be present in other Stagjed basins worldwideyhich
have not yet been subjected to rigorous regional stratigraphic analysis. Determining the globa
implications of the profound relationship between tectonics and Neoproterozoic glacial dynamics,
documented in detail here for the first time, will require a kmapde interdisciplinary approach,
integrating sedimentology, detailed stratigraphy of mame sections, and geochemistry, applied

to other Neoproterozoic glacial basins.

4.7 Conclusions
Stratigraphic sections through the Sayunei Formation from throughout the exposure of the

Rapitan Group show that Rapitan iron formation is highly variabb®th thickness and
character over fairly short distances. Major changes in iron formation thickness are further
reflected by the changing character of the underlying Sayunei Formation, which is very fine
grained in areas where iron formation is <30 mkthiomit contains significant thicknesses of
coarse clastic material (either sandstone or sandy diamictite) where iron formation is thicker.
Thicker iron formation successions commonly contain several distinct chemostratigraphic zones,
as defined by the REE+signatures that are dominated by either hydrogenous or siliciclastic
components. Chemical zones in the thickest iron formation show several cycles of shallowing
upward and subsequent deepening of the basin, and coincide with sedimentary evidenae for basi
infill and subsequent subsidence. The geochemical signatures of iron formation units that were
consistently isolated from siliciclastic sedimentation remained purely hydrogenous over their
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entire thickness. These lines of evidence collectively inditatietthe thickest and most irgich
iron formation intervals were deposited in the deepest and most tectonically acthassu

The locations of major stratigraphic and sedimentological changes in the Rapitan iron
formation and the Rapitan Group as laoke correspond with the estimated locations of crustal
scale basiiorming faults proposed by Eisbacher (1985) and Turner and Long (2008). This pre
existing context, considered in conjunction with the presence of extensisedoftent
deformation in thgk iron formation intervals, suggests active subsidence in a relatively young rift
basin, an interpretation that is supported by the absence of the Coates Lake Group in areas with
thick iron formation (Snake River area and Hidden Valley). Older, more eddlasins, such as
most of the Redstone basin, contain much thinner iron formation. The presence of thick units of
red Shezal (reworked Sayunei) and remobilised, plastically deformed jasper clasts in the lower
Shezal Formation at Boomerang Lake indicast the basin was probably at or near the ice
grounding line in this area, and was thus probably too shallow at the end of Sayunei Formation
deposition to generate great thicknesses of iron formation. Iron formation is even thinner and
more patchily distribted in the central part of the Redstone basin, and exposures in the
northwestern Redstone basin do not contain iron formation, regardless of the thickness of the
Sayunei Formation overall, due to the relatively shalleater conditions, the stratigraphiiya
evolved nature of the basin in this area, and the absence of siliciclastic sediment trapping on the
basin margins. This basin then shallowed rapidly to the northwest, and the Rapitan Group pinches
out depositionallyn this direction. In the Snake River area, the basas a fairly steep western
fault margin and a gradual, shéike eastern margin, resulting in a small, deep basin, which
allowed for the deposition of coarse clastic rocks in the deep basin prior to iron formation
deposition, but the limitation of silidistic input later, allowing for deposition of thick iron
formation. Consequently, economically viable iron formation could only be deposited in the most
distal parts of the basin, with sufficient depth to a significant water mass below the iron

chemocling and with active subsidence to maintain basin depth and accommodation space.

Together with previous, related papers on the Rapitan iron formation, this study
represents the first comprehensive sedimentologicatigraphiegeochemical treatment of late
Neoproterozoic glacial strata containing iron
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basin is geographically complex in terms of its subsidence, sediment budget, and geochemistry.

The overall picture is of a profoundly unstable rift environmentaining erratically subsiding,
geochemically isolated stlasins that had distinct geochemical and sedimentological histories.

An improved understanding of the tectonostratigraphic controls on the depositional environment

of the Rapitan Group has result@ a resolution of the long disputed stratigraphy in the vicinity

of the Crest iron deposit. Although no conclusive statement can be made regarding the possibility

of a déglobal d glaciation, the combi nedaongvi den:
the margins of a rift system in northwestern Laurentia during early dispersal of Rodinia. Sea

wat er i n e ac-basiosfevolved mdependentlyd siggssting that Neoproterozoic iron

formation deposition may not have required a globaedri
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Figure4.1: (A) Regional geology map showing the disttibn of Proterozoic rocks in the

northern Canadian cordille(after Yeo, 1981; Baldwin et al., 2012b¥et in bottom left shows

study location in Canada. (B) Location map of stratigraphic sections and locations discussed in

the text. A Iron Creek (IC)B- Discovery Creek (DC); €Cranswick River (CR); BStone
Knife River; E Godlin River; F Boomerang; GHayhook North (HN), HHayhook South (HS);

I- Hidden Valley.
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Figure4.2: Formationlevel stratigraphy of
Proterozoic rocks of the Mackenzie
Mountans (after Baldwin et al., 2012).
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