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Abstract. We have compiled a record of the geochronology of mantle plume activity between 3.8
and 1.6 Ga. Over this time period, the ages of komatiites, and those of global plumes, correlate
strongly, at the 99% confidence level, with the ages of banded iron formations (BIFs). The ages of
continental plumes correlate more weakly, at an overall 85% confidence level. Using the
geochronological records of these events, we can define four periods characterized by mantle
superplume activity. Three of these periods are also times of enhanced BIF deposition. The fourth
mantle plume period may similarly be coeval with increased BIF accumulation, but the BIF
chronostratigraphic resolution is not accurate enough to test this rigorously. Mantle superplume
volcanism may promote BIF deposition by increasing the Fe flux to the global oceans through
continental weathering and/or through submarine hydrothermal processes. It may also be enhanced
by increasing the number of paleotectonic environments appropriate for BIF deposition
(particularly plume-induced ocean plateaus, seamounts, and intracratonic rifts) and by promoting
global anoxic, Fe-rich hydrothermal plumes in the shallow to intermediate marine water column.

1. Introduction

Banded iron formations (BIFs) are Precambrian chemical
sedimentary rocks deposited in marine environments [James,
1954, 1966]. There are two major types of iron formation
defined on the basis of their size and lithologic associations
[Gross, 1965]. Algoma-type iron formations are associated
with volcanogenic rocks. They are relatively small, with
lateral extents < 10 km, and thicknesses of 10-100 m [Gross,
1965; Goodwin, 1973; Appel, 1980; Condie, 1981]. Their
estimated initial Fe content rarely exceeds 10" t [James and
Trendall, 1982]. Superior-type iron formations are most often
associated with other sedimentary units. They were deposited
in relatively shallow marine conditions under transgressing
seas [Trendall, 1968; Beukes, 1983; Simonson, 1985;
Simonson and Hassler, 1996]. Some are hundreds of meters
thick. The largest Superior-type BIFs extend over 10° km?
[Trendall and Blockley, 1970; Beukes, 1973], with estimated
initial Fe contents exceeding 10" t [James and Trendall,
1982].

The source of the iron deposited in BIFs has been disputed.
Researchers have considered both continental and
hydrothermal sources [Holland, 1973; Simonson, 1985;
Dymek and Klein, 1988; Alibert and McCulloch, 1993]. Both
Algoma- and Superior-type BIFs have high-temperature
hydrothermal signatures in their trace and rare earth element
distributions [Fryer, 1977; Graf, 1978; Dymek and Klein,
1988; Jacobsen and Pimentel-Klose, 1988; Derry and
Jacobsen, 1990; Danielson et al., 1992; Klein and Beukes,
1992; Bau and Moller, 1993]. However, the source of the Fe in
BIFs is still obscure. The source may have been submarine
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hydrothermal or continental (or some combination of both)
[Alibert and McCulloch, 1993].

Any sedimentary rock reflects not only the physical,
chemical, and biological processes involved in its formation
but also the magnitude of the sediment source. The ultimate
source of sediment to BIFs is the oceans. Therefore variations
in ocean chemistry may have preferentially promoted BIF
deposition during some portions of the Precambrian [Gole and
Klein, 1981; James and Trendall, 1982; Isley, 1995].
However, it is unclear whether a change in the magnitude of the
Fe source is the most important factor in BIF deposition or
whether other processes or environmental conditions account
for variations in the accumulation rate of BIF through geologic
time (for example, biochemical mediation or changes in
atmospheric p0,).

During mantle plume events the greatest volumes of
extrusions are tholeiitic [Garland et al., 1996], which are by
definition enriched in iron. A mantle plume situated under
subcontinental lithosphere rifts the continental crust and
causes the eruption of continental flood basalts [Campbell et
al., 1989; Richards et al., 1989; LeCheminant and Heaman,
1989; White and MacKenzie, 1989]. The subsequent erosion of
flood basalts, derived from a mantle plume, would increase the
riverine flux of Fe to the global oceans. In the ocean basins,
mantle plumes also erupt voluminous tholeiitic basalts and
produce oceanic plateaus, aseismic ridges and seamount chains
[Larson, 1991a]. Increased production of ocean crust would
engender elevated high-temperature hydrothermal activity.
Therefore iron derived from Precambrian mantle plume events
could be continental andfor oceanic in origin.

If the deposition of BIF is largely conmtrolled by the
magnitude of the Fe source, there should be a temporal
correlation between the deposition of iron formation and
periods of mantle plume volcanism, as Barley et al. [1997]
suggested for the Hamersley BIFs. If the Fe source is
predominantly continental, BIF deposition should be
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correlated with mantle plumes confined to continental areas. If
the source is predominantly hydrothermal, BIF deposition
should be correlated with mantle plumes confined to oceanic
lithosphere. In this paper we test these hypotheses by
assembling and comparing the geochronological data on
mantle plume volcanism and BIF deposition for the time
period from 3.8 to 1.6 Ga. This interval, encompassing the
Archean and Paleoproterozoic, is particularly interesting
because more than 90% of all iron formation was deposited
prior to the Paleoproterozoic-Mesoproterozoic boundary
[James and Trendall, 1982].

2. Iron Formations and Hydrothermal Signatures

Two sets of observations suggest that island arc/back arc
basins and/or intracratonic rifts were the paleotectonic setting
for Algoma-type BIFs [Gross, 1983; Veizer, 1983]. The first is
their association with volcanics spanning a wide range of
petrologies, from ultramafic through felsic. The second is the
prevalence of geochemical signatures of high-temperature
water-rock exchange [Fryer, 1977; Graf, 1978; Dymek and
Klein, 1988; Derry and Jacobsen, 1990; Danielson et al.,
1992; Bau and Mdiller, 1993]. Iron was introduced to these
deposits by a proximal hydrothermal source.

However, it is more difficult to invoke a hydrothermal
source for some of the largest, Superior-type sequences, for
example, those of the Hamersley Group and Transvaal
Supergroup, which were deposited on the continental shelves
of passive tectonic margins [Trendall and Blockley, 1970;
Beukes, 1983]. Higher heat flow during the Archean and the
Paleoproterozoic could have induced hydrothermal cycling
rates 2.5-4 times higher than at the present time [Isley, 1995].
This could account for the accumulation rate of Fe and Si in the
largest Superior-type BIFs [Derry and Jacobsen, 1990; Isley,
1995]. However, it requires that a significant fraction (10%) of
all Fe introduced to the water column by submarine
hydrothermal processes would have been deposited in the very
large class Superior-type iron formations [Isley, 1995].
Furthermore, it is not clear what mechanism translated the
geochemical signature of high-temperature water-rock
exchange from oceanic hydrothermal vents to continental
margins. Some have proposed that upwelling of Fe-enriched
deep waters along cratonic margins led to BIF deposition
[Holland, 1973; Jacobsen and Pimentel-Klose, 1988]. Others
have suggested that BIFs accumulated as a result of upper to
mid-ocean circulation of hydrothermal plumes [Morris, 1993;
Isley, 1995].

In the modem oceans, high-temperature hydrothermal
effluents are diluted by ambient seawater as they ascend
buoyantly through the water column. Effluents rise several
hundred meters to a level of neutral buoyancy and spread
laterally, comprising only 102 to 10* parts of the resultant
hydrothermal plume [Lupton et al., 1985; Baker and Massoth,
1987; Little et al., 1987; Speer and Rona, 1989]. While most
hydrothermal activity is confined to ridge crests in the deeper
portion of the water column, shallow water (300 - 1100 m)
high-temperature hydrothermal venting has been observed on
seamounts associated with mantle plumes and hot spots [Karl
et al., 1988; Cheminée et al., 1991]. Some hydrothermal
signatures are measureable in plumes over distances of
thousands of km from venting sites (e.g., *He, Mn [Lupton and
Craig, 1981; Klinkhammer and Hudson, 1986; Lupton,
1996]). Today, Fe rapidly precipitates as sulfides in close
proximity to high-temperature venting sites and as amorphous
Fe oxides in spreading plumes [Rona, 1984; Nelsen et al.,
1986]. In anoxic Archean-Paleoproterozoic oceans, long-
distance transport of Fe by hydrothermal plumes may have
been possible [Isley, 1995].
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3. Indicators of Mantle Plume Events

In order to study ancient mantle plume events it is necessary
to understand what types of geologic features are formed during
such events. The resulting features are different depending on
whether the plume rises beneath continental or oceanic crust.
During a mantle plume event beneath an ocean basin, oceanic
platcaus and seamounts are formed. Some plateaus and
seamounts have such thick crust that they will be accreted
rather than subducted [Abbott and Mooney, 1995]. The inferred
compositions of the parent magmas that produce oceanic
plateaus are komatiitic [Storey et al., 1990]. All komatiites
represent relatively high degrees of mantle melting [Abbott et
al., 1994], so Archean or Proterozoic komatiites are generally
acknowledged to be the product of mantle plumes [Campbell et
al., 1989; Campbell and Griffiths, 1990]. If the suboceanic
volcanism is sufficiently voluminous, the mantle plume event
will also produce a sealevel rise.

Mantle plume events on the continents are characterized by
the eruption of continental flood basalts [Richards et al.,
1989; Rampino and Caldeira, 1993)]. Precambrian flood basalt
sequences may also contain komatiites [Blake, 1993; Amelin
et al., 1995; Puchtel et al. 1997a). Like plateau basalts, flood
basalts have high iron contents for a given silica content
[White and MacKenzie, 1989]. When flood basalts are eroded,
the feeder dikes and central layered intrusions are exposed.
Thus massive dike swarms and layered intrusions are also the
result of subcontinental plume magmatism [LeCheminant and
Heaman, 1989; Ernst et al. 1995; Heaman, 1997]. During the
Permo-Triassic, a mantle plume event produced enhanced
kimberlite and flood basalt activity, but it did not cause a
transgression [Larson, 1991b; Haggerty, 1994]. Therefore it
appears that mantle plume events largely confined to
continents do not produce a sea level rise.

4. Temporal Variability of Mantle Plume
Volcanic Associations

As described in section 3, depending on whether they are
situated beneath oceanic or continental lithosphere, mantle
plume events leave different signatures in the geologic record.
Orne may infer that because only a fraction of the continental
surface area had formed in the Early-Middle Archean [Taylor
and McLennan, 1985], the likelihood of suboceanic mantle
plume volcanism was greater during that interval. Oceanic
plume events would have been expressed through the
formation of oceanic plateaus and seamounts incorporating
high Fe (tholeiitic) magmas and komatiitic volcanics and with
a lithospheric buoyancy that impeded their subduction [Ben-
Avrahim et al., 1981; Richards et al., 1991; Abbott and
Mooney, 1995].

In the Late Archean, continental growth was very rapid,
producing a large surface area suitable for continental flood
basalt magmatism [Taylor and McLennan, 1985]. Continents
also became more emergent in the Late Archean [Wise, 1974;
Reymer and Schubert, 1986]. Thus, during the Archean the
probability that continental flood basalts would form was
progressively increasing. Subsequently, these basalts would
have been eroded, exposing their underlying basal layered
intrusions and feeder dikes. Therefore we would expect to find
an increasing number of continental flood basalts, massive
dike swarms, and layered intrusions in the Late Archean and
Paleoproterozoic.

We have not made any effort to correct the records for the
biases arising from such secular changes in Earth’s crust. We
assumed in this compilation that mantle plume events that left
a dominantly oceanic record would be represented by the
temporal distribution of those komatiites that are not
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Table 1. Locations and Ages of Komatiites
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Craton Location of Komatiite Units Age or Age Constraint, Ma Method References
Kaapvaal Dwalile Greenstone Belt 3521+ 23and 3436+ 5 Pb-Pb  Krdner and Tegimeyer [1994]
Kaapvaal Barberton Mountain Land: Songimvelo and 3472 + 5and 3458 + 2 U-Pb Armstrong et al. [1990] and

Steynsdorp Blocks, Lower Onverwacht, Kamo and Davis [1994]
Lower Komatii Formation
Pilbara Warrawoona Group, Salgash Subgroup 3462 + 2 and 3431 + 4 U-Pb  McNaughton et al. [1993] and
Boulter et al. [1987]
Kaapvaal Nondweni Greenstone Belt 3406+ 3 U-Pb Wilson and Versfeld [1994]
Kaapvaal Barberton Mountain Land: Songimvelo and 3352+ 6 U-Pb  Kamo and Davis [1994]
Steynsdorp Blocks, Upper Komatii and
Hoogenoog Formations
Kaapvaal Commondale Greenstone Belt 3334+ 18 Sm-Nd Wilson and Carlson [1989]
Kaapvaal Barberton Mountain Land: Umuduha Block, 3298 £ 6 Pb-Pb  Byerly et al. [1996]
Upper Onverwacht, Mendon Formation
Kaapvaal Barberton Mountain Land: Kaap Valley 3286 + 29 Sm-Nd Lahaye et al. [1995]
Block, Upper Ontverwacht, Weltevreden
Formation
Pilbara Regal Supersequence, Roeburn Belt 3112+ 6and 2990 + 7 U-Pb Krapez [1993] and
McNaughton et al. [1993]
Aldan Olondo Greenstone Belt 3070 £ 55 Sm-Nd Velikoslavinsky et al. [1993]
(citing A. A. Nemchin)
Superior North Spirit Lake Greenstone Belt, Sachigo 3023 + 2 and 2986 +3/-2 U-Pb  Corfu and Wood [1986]
Subprovince (lower supracrustal sequence)
Superior Lumby Lake Greenstone Belt 29994 + 2.9 and 2906 + 3 U-Pb  Davis and Jackson [1988)]
Superior Red Lake Greenstone Belt, Uchi Subprovince  2997.5 + 14.5and 2893.7+ 1.2 U-Pb  Corfu and Wallace [1986]
Yilgamn Lake Johnston Greenstone Belt 2921 + 4and 2903 + 5 U-Pb Wang et al. [1996]
Baltica Kostomuksha Greenstone Belt 2843 + 39 Sm-Nd Puchiel et al. [1997b]
Superior Vizien Greenstone Belt, Minto Block 2784 + 57 Sm-Nd  Skuiski and Percival [1996]
Sad Francisco Rio das Velhas Greenstone Belt, Nova Lima 27825+ 16.5and 2776.5 + 6.5 U-Pb  Machado et al. [1992]
Grouy
Pilbara FoncscuI:: Group, Pyradie Formation 2756 + 8and 2715+ 6 U-Pb  Arndtetal. [1991]
Superior Michipicoten Greenstone Belt, Wawa 2749 + 2and 2744 + 10 U-Pb Turek et al. [1982)]
Subprovince (lower supracrustal sequence)
Superior Abitibi Greenstone Belt, Wabewawa Group 2747 +2and 2720 + 2 U-Pb Mortensen [1993] and
Corfu and Noble [1992]
Superior Shebandowan Greenstone Belt, Wawa 2733 + 3 and 2689 + 3/-2 U-Pb Corfu and Stott [1986]
Subprovince
Superior Abitibi Greenstone Belt, Stoughton- 2714 + 2 and 2713 +7/-5 U-Pb Corfu [1993] and
Roquemaure Group Corfu and Noble [1992]
Kaapvaal Ventersdorp Supergroup, Klipriviersburg 27135+ 8 U-Pb  Armstrong et al. [1991]
Grou
Superior Abitibi (a.vreenstone Belt, Larder Lake Group 2705 +2 U-Pb Corfu et al. [1989]
Superior" Abitibi Greenstone Belt, Lower Tisdale 27025+ 25 U-Pb  Corfuet al. [1989]
Formation
Yilgam Kambalda Komatiite Formation 2702 + 4 and 2692 + 4 U-Pb  Campbell and Hill (1988] and
Claoué-Long et al. [1988]
Zimbabwe Belingwe Greenstone Belt, Zvishevane 2690 + 13 Pb-Pb  Nisbet et al. [1987]
region, Reliance Formation
Sino-Korea Hebei Province 2660 + 75 Sm-Nd Jahn and Ernst [1990}
Baltica Suomussalmi Greenstone Belt 2660 + 40 Pb-Pb  Vidal et al. [1980]
Baltica Vetreny Belt, Vetreny Suite 2430 + 54 Sm-Nd Puchtel et al. [1997a]
Nain Mugford Group, Labrador 2369+ 55 Rb-Sr  Barton [1975]
Guiana Paramaca Series 2110 £ 90 Sm-Nd Gruau et al. [1985]
Baltica Karasjok Komatiite 2085 + 85 Sm-Nd Krill et al. [1985]
Superior Cape Smith Fold Belt, Purtiniq Ophiolite 1998 + 2 U-Pb  Parrish [1989]
Amazonia Alto Jauru Greenstone Belt 1988 + 45 Sm-Nd Pinho et al. [1997]
Superior Trans-Hudson Orogen, Ottawa Islands 1790 + 80 Pb-Pb  Arndt and Todt [1994]
Yavapai-Mazatzal Salida Area, Colorado 1728 + 6and 1672 + 5 U-Pb Bickford et al. [1989]

*Assuming extrusives contemporaneous with intrusives [Pyke, 1982]

associated with continental flood basalts and that mantle
plumes situated under continental lithosphere would have

Plume Sequences

produced flood basalts, dikes, and layered intrusions. In cases

where mantle plume magmatism appears to have occurred in
both oceanic and continental regions, or to have influenced
several cratons simultaneously,

we have used the

superplume to indicate an especially large event.

term

5. Criteria for Selection of Mantle

In our database we have tabulated geochronological
information for four proxies of mantle plume activity:
komatiites, flood basalts, mafic dike swarms, and layered

mafic intrusions. Archean-Paleoproterozoic komatiites occur



15,464

ISLEY AND ABBOTT: MANTLE PLUMES AND BANDED IRON FORMATION

Table 2. Description of Archean and Paleoproterozoic Flood Basalt Sequences

Craton Sequence Age, Ma Duration of Extrusive Area, km? Maximum References
Volcanism, Myr  Rock Type Thickness, m
Kaapvaal Ventersdorp 27135+ 810 ca.1-15 tholeiitic, > 2x10° 5775 Winter [1976],
Supergroup 2709 + 4 high-Mg, Armstrong et al. [1991],
komatiitic and Nelson et al. [1992]
basalt,
komatiite
Pilbara Fortescue 27175+ 1010 40-75 tholeiitic, 1.12x 10° 7600 Blake and Grooves [1987],
Group 2715+ 6 high-Mg Thorne and Blake
basalt and [1990], and Blake
komatiite [1993]
Baltica Karelian 2442.1+ 1410 <4 basalts, order of 10* 2000-2500 Amelin et al. [1995],
Supergroup, 24413+ 12 andesites, and Puchtel et al. [1991]
Sumi-Sariola komatiites
Group minor
felsic rocks
Baltica Imandra- 24428 + 4.8 ca. 8 basalts, order of 10* 6500-8400 Amelin et al. [1995]
Varzuga andesites,
Supergroup, minor
Strelna felsic rocks
Group
Baltica Onega Plateau 1976 + 9 and <20-48 basalts 6x 108 4500 Puchtel et al. [1999]
1975 + 24

either in greenstone belts or in mafic units interpreted as flood
basalts (Table 1). As discussed in section 4, komatiitic
eruptions result from mantle plume volcanism [Campbell et
al., 1989; Campbell and Griffiths, 1990, 1992; Storey et al.,
1990; Abbott et al. 1994]. Each of the continental flood
basalts in Table 2 has been attributed to mantle plume activity,
and three of the four contain komatiitic units [Blake, 1993;
Amelin et al., 1995; Puchtel et al., 1997a).

In addition, we have compiled the ages of ultramafic dike
swarms and layered intrusions. These features do not
necessarily require a mantle plume or hot spot origin.
Nevertheless, several of the large/giant mafic dyke swarms
listed in Table 3 have been attributed to mantle plume
volcanism [Ernst et al., 1995]. Others may have been conduits
for flood basalts that have since been eroded (e.g., the
Widgiemooltha Dike Swarm). Additionally, most of the
layered mafic intrusions cited in Table 4 are enriched in
platinum group elements (PGEs). Because PGEs are
incompatible elements, PGE enrichment in magmas also
requires a high degree of partial melting, which is consistent
with their derivation from a mantle plume source.

6. Compiling the Ages of Mantle Plume Events

In order to define periods of mantle plume events between
3.8 and 1.6 Ga we have compiled published data on the ages of
rocks formed by mantle plume activity which we use as proxies
to date mantle plume events. That is, we compiled
geochronological data on the ages of komatiites and
associated basalts (Table 1), continental flood basalts (Table
2), continental dike swarms (Table 3), and layered mafic
intrusions (Table 4).

For each terrain in the database we incorporated the most
accurate geochronological data available. In those instances
where komatiites are interbedded with felsic volcanics, zircon
separates can be obtained from the felsic rocks and analyzed
using U-Pb isotopic techniques. In other cases, mineral
separates of baddeleyite, another zirconium mineral, have been
dated via U-Pb. However, in many cases, only whole rock

analyses with Sm-Nd, Pb-Pb, or Rb-Sr isotopes provide the
age constraints for komatiites and their associated rocks
(Table 1).

Continental flood basalt sequences often contain felsic
members from which zircons can be obtained, permitting the
use of more accurate U-Pb techniques. Consequently, in Table
2, there is only one flood basalt sequence with an age
uncertainty of more than 10 Myr. A smaller percentage of the
mafic dike swarms listed in Table 3 and the layered igneous
intrusions listed in Table 4 have ages constrained by U-Pb
isotopic analyses on zircons or other mineral separates. Other
dates have been derived from whole rock analyses using Sm-
Nd, Rb-Sr, or K-Ar techniques. Consequently, there are much
greater uncertainties in the ages of these rocks.

7. Iron Formation Lithological Associations

As discussed in section 1, the classification of a sequence of
banded iron formation as Algoma-type or Superior-type
depends upon its presumed paleodepositional environment, as
deduced from geochemical, stratigraphical, structural, and
other studies. New information might cause a reevaluation of a
depositional environment, and there are many BIFs that do not
fit either category perfectly. For example, the Algoma-type
BIF is supposed to include those associated with volcanic
rocks, but it has been applied to sequences containing a wide
range of volcanic petrologies, from ultramafic through felsic.
Many Algoma-type BIFs are thin layers or lenses interbedded
with or intercalated with (ultra)mafic volcanics erupted in a
marine environment. The volcanics may have chemical
affinities to ocean island basalts (OIBs), enriched mid-ocean
ridge basalts (MORBs), or normal MORBs (NMORBs)
[Hoffman, 1988]. The ages of the volcanics and their
associated BIF units are often statistically the same [Blum and
Crocket, 1992; Jackson et al., 1994; Stevenson, 1995]. Units
from the Barberton Mountain Land also contain massive
sulfides or collapsed hydrothermal chimney deposits,
indicating there was a proximal, high-temperature
hydrothermal source for the Fe [deWit et al., 1992; de Ronde et
al., 1994].
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Table 3. Locations and Ages of Mafic Dike Sequences
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Craton Name of Swamm Rock Type Age, Ma Method References
LimpoPo unnamed basaltic komatiite 3005 + 61 Rb-Sr Barton et al. [1983]
Wyoming Bighom I (meta)dolerite 2826 + 58 Rb-Sr Steuber et al. [1976]
Wyoming Stillwater ultramafic 2713 + 3 U-Pb Premo et al. [1990]

Baltica Belomorian gabbro-norite 2692 + 1.6 U-Pb Lobach-Zhuchenko et al. [1994]
Baltica Belomorian diorite 2657 +. 6.4 U-Pb Lobach-Zhuchenko et al. [1994]
Superior Matachewan Fe-rich quartz tholeiites 24765+ 125 U-Pb Heaman [1997]
Kaapvaal Great Dyke ultramafic with PGE 2461 + 16 Sm-Nd  Wilson and Prendergast [1989]
Superior Hearst Fe-rich quartz tholeiites 2446 + 3 U-Pb Heaman [1997]
Lewisian Scourie I picrites and norites 2418 +7/4 U-Pb Heaman and Tarney [1989]
Yilgam Widgiemooltha* gabbro, norite, harzburgite 2411 1 38 Sm-Nd  Fletcher et al. [1987]
Antarctica Vestfold Hills I high-Mg tholeiites 2350 + 48 Rb-Sr Sheraton and Black [1981]
Antarctica Vestfold Hills I high-Mg norites 2241 + 4 U-Pb Lanyon et al. [1992]
Nain Kikkertavak tholeiites and gabbros 2235+ 2 U-Pb Cadman et al. [1993]
Slave Malley-McKay diabase 2220 + 10 U-Pb LeCheminans et al. [1996]
Superior Senneterre quartz tholeiites 2143+ 124 U-Pb Buchan et al. [1993]
Superior Nippissing diabase 22138+74 U-Pb Noble and Lightfoot [1992]
Wyoming Bighomn Dikes IT dolerite 2200 + 35 Rb-Sr Steuber et al. [1976]
Dharwar unnamed tholeiites 2193 + 45 K-Ar Balasubrahmanyan [1975]
quoted by Murthy [1987]
Superior Biscotasing quanz tholeiites 21667+ 14 U-Pb Buchan et al. [1996]
Nain MD dolerites 2130 + 65 Rb-Sr Kalsbeek and Taylor [1985]
Superior Marathon diabase 21145+ 105 U-Pb Buchan et al. [1996]
Superior Ft. Frances diabase 2076.5+45 U-Pb Buchan et al. [1996]
India Cuddapah Basin tholeiites 2068 + 79 K-Ar Murty et al. [1987]
Lewisian Scourie IT tholeiites, olivine gabbros 1992 +3/-2 U-Pb Heaman and Tarney [1989]
Nain Kangamiut/Uimvitk  tholeiites 1950 + 60 Rb-Sr Kalsbeek et al. [1978]
India Cuddapah Basin tholeiites 1938 + 75 K-Ar Murty et al. [1987]
Kaapvaal unnamed ultramafic 1910 + 60 Rb-Sr Hunter and Reid [1987]
Superior Molson komatiitic, tholeiitic basalt 1883 + 2 U-Po Heaman et al. [1986]
Baltica Sweden-Bothnia tholeiitic within plate basalt 1881 + 8 U-Pb Wikstrom et al. [1996]
Baltica Pechenga, Kola picrites 1880 + 55 Rb-Sr Skufin [1994]
Antarctica Vestfold Hills IIT high-Mg tholeiites 1754 + 16 U-Pb Lanyon et al. [1992]
Kaapvaal unnamed tholeiites 1740 + 30 K-Ar Hunter and Reid [1987]
Yavapai- Mazatzal sheeted, ophiolite  gabbro 1738 ¢+ 5 U-Pb Dann et al. [1989]
India Cuddapah Basin tholeiites 1713 £ 65 K-Ar Murty et al. [1987]
Dharwar unnamed dolerite-gabbro-norite 1667 + 32 K-Ar Radhakrishna et al. [1986]
Nain Melville Bugt dolerites and gabbros 1645 + 35 Rb-Sr Kalsbeek and Taylor [1986]
‘Includes Jimberlana and Binneringie Dikes.
Table 4. Locations and Ages of Layered Ultramafic Intrusions
Craton Layered (Ultra)Mafic Intrusion Age, Ma Method References
Limpopo Messina Layered Intrusion 3153 +47 Rb-Sr Barton et al. [1979]
Yilgam Munni Munni Intrasion 2925+ 16 U-Pb Arndt et al. [1991]
Superior Otter Creck Layered Igneous Intrusion 2890+ 90 Sm-Nd Windom et al. [1993]
Kaapvaal = Ushushwana Intrusion® 2875+ 40 Rb-Srand Sm-Nd Layer et al. [1988]
Nain Fiskanaesset Anorthosite Complex 2870+ 70 Sm-Nd Ashwal et al. [1986]
Yilgarn Millindinna Complex 2830+ 20 Sm-Nd Korsch and Gulson [1986]
Kaapvaal Roociwater Complex 2740+ 4 U-Pb Poujol et al. [1996]
Superior Lac des Iles Complex 2738+27 Rb-Sr Briigmann and Naldrett
[1987]
Wyoming  Stillwater Complex 2705 + 4 U-Pb Premo et al. [1990]
Superior Kamiskotia Layered Mafic Intrusion 2702+ 2 U-Pb Barrie and Davis [1990]
Baltica Monche Pluton 2504+ 1.5 U-Pb Amelin et al. [1995]
Baltica Mount Generalaskaya 2502+ 16 U-Pb Amelin et al. [1995]
Baltica Fedorovy-Pansky 2470+ 9 U-Pb Balashov et al. [1993]
Baltica Burakovsky Layered Intrusion 2445 + 4 Pb-Pb Sharkov et al. [1995]
Baltica Oulanka Layered Complex 2444+ 35 U-Pb Balashov et al. [1993), and
Amelin et al. [1995]
Baltica Imandra Lopolith 2441+ 1.6 U-Pb Amelin et al. [1995]
Yilgarn Jimberlana Dyke 2411 +38 Sm-Nd Fletcher et al. [1987]
Baltica Penikat Layered Intrusion 2410+ 64 Sm-Nd Huhma et al. [1990]
Kaapvaal Bushveld Layered Intrusion 2061 + 27 Rb-Sr Walraven et al [1990]
Superior Katiniq Sills 1920+ 8 U-Pb Parrish [1989]
Superior Fox River Sill 1883+ 1.4 U-Pb Heaman et al. [1986]

*The Ushushwana layered intrusion is fi
oriented intrusion. The southernmost

portion is a dike with eight cumulate layers including pyroxenite [Layer et al., 1988].

uently considered a dike. In fact, it is a crescent-shaped north-south
portion intrudes the Insuzi Group as a gabbro/granophyre sill. The northemmost
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Other Algoma-type BIFs, for example, the Boston Iron
Formation and the Helen Iron Formation (Superior Craton),
have greater thicknesses (some of which exceed 1 km) but are
also intercalated with volcanic flows and pyroclastics. These
thicker BIFs also occur in associations with a range of
volcanic compositions, from (ultra)mafic through felsic [Card,
1990; Blum and Crocket, 1992; Jackson et al., 1994]. The 1.9
Ga BIFs deposited at Bergslagen, which are quartz-banded iron
ores interbedded with rhyolite ash-siltstones [Allen et al.,
1996], are also considered “Algoma-type” [Oen, 1987]. Given
the variations in the lithological associations of this category
of BIF, the two favored paleotectonic models for iron
formation deposition (island arc/back arc basin [Veizer, 1983]
or intracratonic rift {Gross, 1983]) may not be appropriate for
occurrences of all Algoma-type BIFs.

The sedimentary associations of Superior-type sequences
indicate that they were deposited on the continental shelves of
passive tectonic margins [Gross, 1965]. This model suits the
BIFs of the Hamersley Group and the Transvaal Supergroup
very well [Trendall and Blockley, 1970; Beukes, 1973].
However, Superior-type sequences in the Animikie Basin and
Labrador Trough appear to have been deposited in foreland
basins [Hoffman, 1988; Morey and Southwick, 1995]. There
are ongoing debates about the environments of deposition of
two very large BIFs, the Krivoy Rog and the Minas
Supergroup. The Krivoy Rog sequence may have formed in an
intercratonic rift [Shchipansky and Bogdanova, 1996], while
an active continental margin may have been the environment
of deposition of the Minas Supergroup [Castro, 1994].
Consequently, a single paleodepositional model does not fit
all Superior-type iron formations. Because so many Superior-
type BIFs formed in a shallow marine environment under
transgressing seas [Simonson and Hassler, 1996], we can
conclude that the process of iron formation deposition must
have operated in a variety of paleotectonic and
paleodepositional settings.

8. Compilation of the Geochronology of Banded
Iron Formations

A compilation of geochronological data for 54 BIFs is
presented in Table 5. Superior-type sequences include the
Hamersley Group, the Transvaal Supergroup, the Minas
Supergroup, and deposits in the Labrador Trough-Animikie
Basin (the last three listed for the Superior Craton in Table 5).
Most of the other sequences contain solely Algoma-type BIFs.
A few greenstone belts contain both moderate-size Superior-
type BIFs that were deposited in shelf sequences and Algoma-
type BIFs associated with (ultra)mafic volcanics [James and
Trendall, 1982; Eriksson et al., 1994; Card, 1990].

In nine instances the ages of Algoma-type iron formations
are constrained by the same geochronologic data as komatiites
of the same greenstone belt. In four other greenstone belts
containing both komatiites and BIFs, the volcanics and
sediments have different age constraints. Other examples of
Algoma-type sequences occur in greenstone belts that either do
not contain komatiites or do not contain komatiites whose
ages have been well constrained.

The ages of Superior-type BIFs are not as well known as
those of the Algoma-type BIFs, in part because they do not
have the same associations with readily dated volcanogenic
rocks. For example, the available data constrain the age of BIF
units in the Minas Supergroup within a ~300-Myr-long period
between ~2.7 and 2.4 Ga (Table 5). The age constraints for
BIFs in the Krivoy Rog are similarly poor. However, some
workers have assumed that most of the very large Superior-
type BIFs were deposited synchronously and advocated an age
of ~2.45 Ga for both these sequences [Chemale et al., 1994,

ISLEY AND ABBOTT: MANTLE PLUMES AND BANDED IRON FORMATION

Shchipansky and Bogdanova, 1996], based on the ages of the
Brockman and Weeli Wolli Formations (Hamersley Group) and
the Ashbeshheuwels Formation (Transvaal Supergroup; see
Table 5). We feel this assumption remains unwarranted and
have used conservative age ranges based on available
geochronologic data (Table 5).

9. Comparison of the Temporal Records of Mafic
Volcanism and BIF Deposition

9.1.

Each event in the data set has an age range. If the event can
be dated directly, then the age range is the range defined by a
single age date. The minimum age is the age minus the
published error of the age. The maximum age is the age plus
the published error of the age. Because they often contain
zirconium-bearing minerals, dike swarms and layered
intrusions most often have an age range defined by a single
age date.

Iron formations and komatiites are difficult to date directly
using high-precision U/Pb geochronology. As a result, their
age range is most often defined using two ages, the ages of
datable horizons that are younger and older than the iron
formation or komatiitic layer. The minimum age is defined
using the age of the younger horizon minus the published error
of the age of the younger horizon. The maximum age is defined
using the age of the older horizon plus the published error of
the age of the older horizon.

Time series are constructed by using the minimum and
maximum age of each event. The data are assumed to have a
Gaussian distribution about the mean value of the maximum
and minimum ages of each event. Half of the difference
between the minimum and maximum ages equals one standard
error about the mean. The total area under each Gaussian is one.
The distribution of area is determined by the chosen time
increment (1 Myr) and the size of the standard error.

The equation we use to derive the time series, f{(¢f) is

Derivation of Time Series Data

N
=% __1 __ exp{(+1)120}} 1)
=1 (2n)%c,

where o is the standard error of the age date, ¢ is the time in
million years, ¢ is an individual age date, and N is the total
number of age dates. The final time series is a sum of many
smooth, bell-shaped curves, each one representing one age
date and its corresponding error. The result is a smooth time
series where the peak heights are a function of two variables:
the standard error of each age and the number of ages that
overlap.

9.2. Appearance of Time Series

We used ages and age errors for each data set to construct a
time series for that data. The resulting time series are named for
their component data sets: komatiites, dikes and flood basalts,
layered intrusions, and iron formation (Figure 1). Each time
series extends from 1500 to 4000 Myr. Note that there are
clear visual correlations of peaks in the iron formation time
series with peaks in the other time series.

We also constructed composite time series that are sums of
the individual data sets. Because flood basalts plus dikes and
layered intrusions are generally confined to continental areas,
we combined these two time series to obtain an index of
continental plumes. Komatiites can occur in both oceanic and
continental settings. Thus we used all three data sets
(komatiites, flood basalts plus dikes, and layered intrusions)
to obtain an index of the global occurrence of mantle plumes.
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Craton Location Age Constraints, Ma References
Nain Isua Supracrustal Belt 3813 +21/-14 Baadsgaard et al. [1984]
Kaapvaal Dwalile Greenstone Belt 3521+ 23and 3436+ 5 Kroner and Tegtmeyer [1994]
Pilbara Coonterunah Succession 35122 + 2.7 and 3467.6 + 3.7 Buick et al. [1995]
Kaapvaal Barberton Mountain Land 3458 + 8103457 + 15 de Ronde et al. [1994)
Sino-Korea Anshan-Liaoning Province, Chentaigou 3362+ 5 Biao et al. [1996]
Supracrustals
Kaapvaal Commondale Greenstone Belt 3334+ 18 Wilson and Carlson [1989]
Pilbara Paddy Market Formation 3263 + 21 and 3325 + 4 Krapez [1993] and McNaughton et al. [1993]
Kaapvaal Barberton Mountain Land, Umuduha Block, 3258+ 3and 3226+ 6 Byerly et al. [1996]
Fig Tree Group
Pilbara Cleaverville Formation 31124+ 6and 2990 + 7 Krapez [1993]
Kaapvaal Witwatersrand Supergroup, West Rand Group 3074 + 6and 2914 + 8 Armstrong et al. [1991]
Aldan Olondo Greenstone Beht 3070+ 55 Velikoslavinsky et al. [1993] (quoting
unpublished data from A. A. Nemchin]
Superior North Spirit Lake (two cycles): Corfu and Wood [1986]
North Spirit, Disrupted, and Nemakwis 3023 + 2 and 2986 +3/-2
Assemblages
Hewitt Assemblage 2735+ 10and 2731 £ 2
Yilgarn Western Gneiss Terrain 3014+ 13 Pidgeon and Wilde [1990]
Superior Lumby Lake Greenstone Belt 3003 + 5and 2999 + 1 Davis and Jackson [1988]
Superior Uchi Subprovince, Red Lake Greenstone 2992 + 20/-9 and Corfu and Wallace [1986]
Belt (two cycles) 2893.5 +1.4/-1
Pilbara Lalla Rookh Sandstone 2990 + 7 and 2948 + 50 Bickle et al. [1989] and McNaughton et al.
[1993]
Kaapvaal Murchison Greenstone Belt 2953 + 38 and 2837 + 25 Smith [1990]
Kaapvaal Witwatersrand Supergroup, Pongola Group, 2940 + 22 and 2870 + 30 Layer et al. [1988] and Cheney and Winter
Mozaan Subgro [1995]
Superior Uchi Subprovince, Pickle Lake Greenstone 2860 + 2and 2836+ 3 Corfu and Stott [1993]
Belt
Sad Francisco Carajas Formation, Salobo Group 2851+ 4and 2758 + 2 Lindenmayer [1990]
Superior Uchi Subprovince, Meen-Dempster 2842 +5/-2 and 2825 + 1.5 Corfu and Stott [1993]
Greenstone Belt, Woman Assemblage
Slave Dwyer Group, Yellowknife 2821+ 21and 2722+ 2 Lambert [1977] and Isachsen and Bowring
[1994]
Superior Vizien Greenstone Belt, Minto Block, 2786 + 1and 2724 + 1 Percival et al. [1993] and Stern et al. {1994]

Sad Francisco

Superior
Sad Francisco
Sad Francisco

Superior
Superior

Superior
Superior

Superior
Superior
Superior
Superior
Yilgam
Superior
Pilbara
Pilbara
Kaapvaal
Pilbara
Pilbara
Kaapvaal
Pilbara
Kaapvaal
Baltica
Superior

Superior
Superior

Lac Lintelle Sequence

Rio das Velhas Greenstone Belt, Nova Lima
Grou

Hemlo-Heron Greenstone Belt

Grao Group, Carajas Formation

Minas Supergroup, Itabira Group, Calie
Formation

Bird River Greenstone Belt

Michipicoten Greenstone Belt, including
Helen Iron Formation

Shebandowan Greenstone Belt (two cycles)

Uchi Subprovince, Miminiska-Fort Hope
Greenstone Belt

Manitouwadge Greenstone Belt

Abitibi Greenstone Belt, Kamiskotia area

Pontiac Subprovince

Abitibi Greenstone Belt, Stoughton-
Roquemaure Group

Kalgoorlie-Norseman area, Noganyer
Formation

Abitibi Greenstone Belt, Larder Lake
Group, Boston Iron Formation

Hamersley Group, Marra Mamba Iron
Formation

Hamersley Group, Mount Sylvia Formation

Transvaal Supergroup, Penge Iron
Formation
Hamersley Group, Brockman Formation
(includes Dales Gorge and Joffre Members)
Hamersley Group, Weeli Wolli Formation

Transvaal Supergroup, Asbesheuwels
Formation

Hamersley Formation, Woongara Volcanics

Transvaal Supergroup, Koegas Formation

Finland, Outokumpu Assemblage

Bijiki Iron Formation

Negaunee Iron Formation

Fence River Iron Formation

2782.5 + 16.5 and 2776.5 + 6.5 Machado et al. [1992]

2772 + 2and 2678 + 2
2753+ 3and 2759 + 2
2703 +24/-20 and 2420 + 19

2745+ 5
2744 + 10 and 2696 + 2

2733 + 3 and 2689 +3/-2
2723 £ 2and 2715.5_+ 1

2720+ 2and 2675+ 1
2717+ 2and 2707 +. 2
2714 +34/-24 and 2686 + 11/-9
2714 + 2 and 2713 +7/-5
2706 + 5

2705+2

2690 + 16 and 2603 + 7
2603 + 7 and 2490 + 20
2549.9 + 2.6 and 2224 + 10
2490 + 20 and 2470 + 4,
2470 + 4 and 2439 + 10
2465 + 7

2439+ 10

2432 + 31 and 2238 +87/-92
2080 + 45

1929 + 17

1910 + 10 and 1852 + 6
1910+ 10 and 1852 + 6

Corfu and Muir [1989]

Machado et al. [1991]

Machado and Carneiro [1992] and Babinski et al.
[1995]

Turnock et al. [1990] and Wang [1993]

Turek et al. [1982]

Corfu and Stott [1986]
Corfu and Stott [1993)]

Pan and Fleet [1995]

Barrie and Davis [1990]

Gariépy et al. [1984]

Corfu and Noble [1992] and Corfu [1993]

Campbell and Hill [1988]

Corfu et al. [1989]

Arndt et al. [1991] and Hassler [1993]
Compston et al. [1981] and Hassler [1993]

Burger and Coertze [1976] and Walraven and
Martini [1995]
Compston et al. [1981] and Trendall et al.
[1990]
Trendall et al. [1990] and Pidgeon and Horwitz
1991
Tre[ndalllet al. [1990] and R. A. Armstrong, as
cited by Walraven and Martini [1995]
Pidgeon and Horwitz [1991]
Armstrong [1987] and Trendall et al. [1990]
Sakko and Laajoki [1975]
Klasner et al. [1989]
Morey and Southwick [1995]*
Morey and Southwick [1995]*
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Table 5. (continued)
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Craton Location Age Constraints, Ma References

Superior Vulcan Iron Formation 1910+ 10and 1852+ 6 Van Schmus and Bickford [1981] and Sims et al.
[1989]

Baltica Sweden, Bergslagen Supracrustal Sequence 1890 £ 30 and 1860 + 30 Oen [1987]

Superior Sokoman Iron Formation 1880 + 20 Chevé and Machado [1987]

Superior Gunflint Iron Formation 1879 +5.2/-3.5 Wardle et al. [1990]

Superior Biwabik Iron Formation 1879 +5.2/-3.5 Morey and Southwick [1995]®

* The Negaunee Iron Formation and the Fence River Iron Formations are taken 1o be contemporaneous with the Vulcan Iron Formation, as

suggesled by Morey and Southwick [1995].

The Biwabik and Gunflint are taken to be contemporaneous, as suggested by Morey and Southwick [1995].

In Figure 2, peaks in both of these composite time series show
a clear visual correlation to peaks in the time series for
deposition of iron formation.

9.3. Cross-Correlation Analysis

We check the visual correlation between the time series for
iron formation and plume proxies by running a detailed cross-
correlation analysis. We use the fully normalized cross
correlation that returns a maximum value of unity when the
time series are identical and a minimum value of zero when
they are very dissimilar. We also assess the statistical
significance of our cross correlations between iron formation
and plume proxies by comparing them to cross correlations
between plume proxies and 1000 randomly generated time
series.

The randomly generated time series are derived from 1000
sets of random ages and age errors. The ages and age errors are
normalized to the same statistical characteristics as the iron
formation ages. That is, the ages have an age range of 1645 to
3817 Ma, the age errors have minimum and maximum standard

errors of 1.4 and 90 Myr, and the number of ages is the same
(60). The ages and standard errors are then used to generate a
time series (equation (1)) that has the same spectral
characteristics as the data.

A cross-correlation analysis of two time series identifies the
time offset that makes the two time series most similar. The
correlation coefficient quantifies the degree of similarity of the
two time series at that time offset. However, because each data
set has slightly different spectral characteristics, the
significance of a given cross correlation will vary. We test the
significance of the cross correlations of plume proxies with
iron formation by comparing them to cross correlations
between each plume proxy and 1000 randomly generated time
series (the Monte Carlo method).

The distribution of correlation coefficients between each
plume proxy and 1000 randomly generated time series
generally varies between 0.3 and 0.7 (Figure 3). However,
some time series produce generally higher correlation
coefficients than others. For example, the cross correlations
between komatiites and 1000 randomly generated time series
have the highest correlation coefficients. In contrast, the
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Figure 1. Time series of occurrences of iron formation, dikes and flood basalts, layered intrusions, and
komatiites. These time series were generated by summing Gaussian distributions of unit area using the ages
and standard deviations in Tables 1-5. Peaks near 2.7, 2.45, and 1.9 Ga are apparent in at least three of the four

time series shown.
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Figure 2. Time series of occurrences of iron formation compared with those of the continental plume time
series (derived by summing the results for dikes, flood basalts, and layered intrusions) and of the global plume
(derived by summing the continental plume and komatiite time series). These time series were generated by
summing the Gaussian distributions of unit area using our compilation of mean ages and standard deviations
shown in Tables 1-5. There is an apparent visual correlation between episodes of global and continental

mantle plume volcanism and BIF deposition.

cross correlations between layered intrusions and 1000
randomly generated time series have the lowest correlation
coefficients. As a result, a correlation value of 0.582 is
needed to generate a 99% confidence level in the cross
correlation between layered intrusions and another time series
(Table 6). For komatiites a much higher correlation value of
0.712 is needed for a 99% confidence level in a cross
correlation between komatiites and another time series.
Therefore the statistical significance (i.e., confidence level) of
a given correlation coefficient must be evaluated individually
for each cross correlation of iron formation with plume
proxies.

We also use a Monte Carlo method to estimate the
confidence intervals for the lag times. We assume that errors in
the estimates of the lag times arise solely from errors in the
age dating, as quantified by the published age date confidence
intervals. The ability of the cross-correlation technique to
determine lag time is then a function of the number of age dates
in each pair of time series, and the distribution of variances of
these age dates. Monte Carlo simulations indicate that the
standard error of the time lag decreases approximately with the
square root of the number of age dates, with smallest age date
variance controlling the size of the time lag variance. The
distributions of age date confidence limits for the various
types of plume proxies are all rather similar and roughly obey
an exponential distribution with an expectation of about 15
Myr. Simulations based on this distribution indicate that the
95% confidence limits for lag times do not exceed 3 Myr for
the time series considered in this paper.

The cross-correlation analyses between plume proxies and
iron formation show that the komatiite, global plume, and
continental plume results have correlation coefficients that are
significant at the 99% confidence level (Table 6 and Figure 4).

The komatiites and global plumes have very small lag times of
3 and 2 Myr, respectively. The continental plumes have a time
lag of 264 Myr. However, there is a strong secondary peak at a
time lag of 1 Myr. This secondary peak has a confidence level
of 85%.

The cross-correlation results for the dikes plus flood basalts
and the layered intrusions are not as strong. Both of these
cross correlations gave best fit time lags of 264 Myr. The
correlation coefficient of the cross correlation between iron
formation and dikes plus flood basalts is significant at the
83% confidence level (Table 6 and Figure 4). The correlation
coefficient of the cross correlation between iron formation and
layered intrusions is significant at the 96% confidence level.
Both of these latter cross correlations have strong secondary
peaks with time lags of 3 Myr. The secondary peak from the
cross correlation between iron formations and layered
intrusions is significant at the 94% confidence level. The
secondary peak from the cross correlation between iron
formation and dikes plus flood basalts is significant only at
the 21% level.

10. Discussion

10.1. Our Interpretation of Cross-Correlation
Analyses

We believe these cross-correlation analyses confirm the
temporal coincidence between BIF deposition and mantle
plume volcanism in both continental and oceanic
environments. First, as expressed by the confidence level of
correlation coefficients, both of the pooled time series (global
and continental plumes), and the komatiite time series, are
more strongly correlated with BIF deposition than virtually all
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Figure 3. Correlation coefficient (C) versus percentage of correlation coefficients that are smaller (SUM, %).
The percentage of correlation coefficients that are smaller is roughly the confidence level of that correlation
coefficient. Because each time series has differing spectral characteristics, each time series has slightly
different confidence levels for the same correlation coefficient. Plots show the ranges in the correlation
coefficients derived from 1000 cross correlations of each time series (komatiites, dikes plus flood basalts,
global plume, layered intrusions, and continental plume) with 1000 randomly generated time series.

of the randomly generated time series. Further, as noted above,
peaks in all but the komatiite time series occur approximately
every 200 - 300 My between about 2.75 and 1.9 Ga (Figure 1).

When examined separately, the flood basalt/dike and layered
intrusion time series have relatively weak correlations with
the deposition of iron formation (Table 6 and Figure 4) The
largest peak for both cross correlations occurs at a time lag of
264 Myr. Both cross correlations have secondary peaks al
time lags of 3 Myr. The confidence level of the secondary peak
for layered intrusions is high, ~95%. However, the confidence
level of the secondary peak for dikes plus flood basalts is very
low, only 21%. When the data sets are pooled, the confidence
level of the secondary peak at a time lag of 1 Myr is
intermediate, ~85%.

Although the confidence level for the cross correlation of
iron formation with continental plumes is relatively low

(85%), we believe that the higher confidence level for
ultramafic layered intrusions is significant. Ultramafic layered
intrusions are almost always associated with mantle plume
activity. In contrast, dike swarms may form during abortive
rifting that is not necessarily plume related. Thus the 95%
confidence level of the secondary peak in the cross correlation
between iron formation and layered intrusions supports a
temporal correlation between continental plume activity and
the deposition of iron formation.

In summary, we interpret the maximum and secondary time
lags with over 84% confidence level as expressing two types
of geological events. The 1 to 3 Myr time lags represent the
time between mantle plume activity and the deposition of iron
formation. The 264 Myr time lags may represent the average
time interval between mantle superplume events from 3.8 to
1.6 Ga. This latter conclusion must be further tested with a
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Table 6. Comparison of Results of Cross Correlations of Iron Formation to Plume Proxies
and to 1000 Random Time Series With Similar Spectral Characteristics

Primary Peaks

Proxy Name Correlation Percentile 90% 95% 99% Lag, Myr

Coefficient

Dikes/Flood Basalts 0.530 83.1 0.549 0.576 0.608 264
Layered Intrusions 0.520 95.8 0.488 0514 0.582 264
Continental Plume 0.612 9.6 0.522 0.544 0.592 264
Komatiite 0.792 99.9 0.636 0.667 0.712 3
Global Plume 0.730 99.9 0.598 0.623 0.667 2
Secondary Peaks

Proxy Name Lag, Myr Peak Height Confidence Level, %
Dikes/Flood Basalts 3 0.410 20.7
Layered Intrusions 3 0.508 94.0
Continental Plume 1 0.508 84.6
Global Plume 264 0.520 49.6

Komatiites have no significant secondary peaks.

spectral analysis and a longer time series that are outside the
scope of this paper.

10.2. Superplume Events

Therefore the data compiled here show that the temporal
correlation between the time of deposition of Archean and
Paleoproterozoic BIFs and the eruption of plume-derived mafic
volcanism is statistically significant. Our analyses show that
four periods between 3.8 and 1.6 Ga were characterized by
mantle (super)plume events. At least three of these periods
also had significantly enhanced accumulation rates of BIF.

10.3. The 2.75-2.70 Ga Mantle Superplume Event
and Deposition of BIF

In this portion of the geologic record, temporal
distributions of all proxies for mantle plume activity have
maxima. Flood basalts and numerous komatiitic sequences of
this age have previously been attributed to mantle plume
activity [Kusky and Kidd, 1992; Blake, 1993; Desrochers et
al., 1993; Amelin et al., 1995; Skulski and Percival, 1996;
Dostal and Mueller, 1997; Puchtel et al., 1997a). In fact, while
the komatiite maximum occurs here as a single broad peak, two
distinct peaks occur in the continental record (dike swarms and
layered intrusions): one centered near 2.75 Ga and one near
2.70 Ga (Figure 1). A ~2.7 Ga marine transgression is recorded
in the Pilbara craton’s sequence stratigraphy, and the volcanic
sequences erupted there during the period 2.8-2.7 Ga support
two mantle plume events [Blake, 1993]. Perhaps two mantle
plumes were active during this time, separated by 50 Myr.
Conversely, these data may indicate that there was a single
mantle plume, initially centered under rifting continental
lithosphere, and 50 Myr later, affecting both continental and
oceanic realms. Such a feature has an analogue in the Mesozoic
to modern central Atlantic plume, a long-lived event that
promoted Triassic rifting and formation of the Atlantic Ocean
and that has been associated with Tertiary-Quaternary
volcanism in a belt from the Cape Verde Islands through
western Europe [Oyarzun et al., 1997]. Regardless of the
number of active plumes in this 50 Myr interval, the Pilbara,
Baltic, Superior, Kaapvaal, Yilgarn, and Wyoming Cratons
were affected by plume volcanism (Tables 1-4). These data
support the existence of a mantle superplume event (on the
scale of the mid-Cretaceous Pacific plume) between 2.75 and
2.70 Ga.

Approximately 25% of the dated BIFs were deposited during
this time period, which represents only about 2% of the
geologic record examined here. These BIFs comprise a wide
range of chemistries and mineralogies,with sulfide through
oxide facies represented. Several of the Algoma-containing
sequences have been interpreted as accreted ocean plateaus
[Kusky and Kidd, 1992; Desrochers et al., 1993; Skulski and
Percival, 1996]. Other BIFs deposited during this time, for
example, the Boston, Helen, El Dorado, Chambers-Briggs, and
Bartlett iron formations in the Abitibi Greenstone Belt, are
associated with (ultra)mafic through felsic volcanics but have
thicknesses exceeding 500 m, more comparable to those of
Superior-type BIFs [Card, 1990; Blum and Crockett, 1992;
Jackson et al., 1994]. It is unclear whether these are
autochthonous or allochthonous sequences and unclear whether
these assemblages are related to oceanic plume volcanism or
were deposited in rift environments [Jackson et al., 1994].
Given the uncertainties in their ages, it is possible that
Superior-type BIFs in the Carajas, Caué, Marra Mamba and
Wanderer Formations also were deposited during this interval
(Table 5) [Tsomondo et al., 1992]. If so, as much as 20% of the
total volume of BIF may have formed in this 50 Myr period
[James and Trendall, 1982].

10.4. The 2.50-2.40 Ga Mantle Superplume Event
and Deposition of BIF

A second group of peaks occurs in the dike swarm and mafic
layered intrusion series between 2.5 and 2.4 Ga. Only one
sequence of komatiitic lavas are known from this time, and it
occurs in the Strelna Group [Puchtel et al., 1991], one of the
two large coeval flood basalt sequences erupted on Baltica
(Table 2). The global character of volcanism during this })eriod
and the size of continental mafic provinces (> 1.5 x 10° km?)
indicate that there was a subcontinental mantle superplume
event centered at ~ 2.44 Ga [Heaman, 1997]. We are not aware
of 2.5-24 Ga accreted oceanic plateaus or seamounts.
Nonetheless, a coeval marine transgression [Simonson and
Hassler, 1996] suggests that this mantle superplume also
produced great volumes of ocean crust.

The 2.5-2.4 Ga period represents ~4% of the geologic record
examined here. That 11% of the BIFs listed in Table 5 were
deposited in this interval indicates unusually high BIF
accumulation rates per unit time. This fact is underscored by
considering the volume of BIF deposited. Portions of the
Hamersley Group and Transvaal Supergroup were accumulating,
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Figure 4. Correlation coefficient (C) versus time lag in million years for individual cross correlations between
time series of plume proxies (komatiites, dikes plus flood basalts, global plume, layered intrusions, and
continental plume) and iron formation. The highest peak represents the time lag at which the two time series

are most similar.

and it is possible that the Minas Supergroup and BIFs
deposited in the Krivoy Rog and Kursk Supergroups were
coeval deposits [Chemale et al., 1994; Shchipansky and
Bogdanova, 1996]. Perhaps as much as 40% of the global
volume of BIF accumulated in the Hamersley and Transvaal
Basins; if deposition of the very large Brazilian and Ukranian
BIFs occurred concurrently, then perhaps as much as 60% of all
BIF was deposited during this time [James and Trendall, 1982].
Deposition of BIF was confined to shallow marine
environments, including the continental shelves of passive
tectonic margins and intracratonic rifts.

10.5. The 2.25-2.20 Ga Mantle Plume Event
and Deposition of BIF

On the basis of the distribution of dike swarms of this age
on the Slave and Superior cratons [Buchan et al., 1996;
LeCheminant et al., 1996], it was proposed that a mantle
plume event occurred between 2.25 and 2.1 Ga. In the data set
presented here, the evidence for this event occurs mainly in the
dike record and is constrained to a narrower time interval
(2.25-2.20 Ga, Figure 1). Mafic dikes of this age are known
not only from the Slave and Superior Cratons, but also from
the Dharwar, Nain, and Antarctic areas (Table 3). Guyanese
komatiites may be of this age (Table 1). Like South America
[Goldstein et al., 1997], much of West Africa was accreted

between 2.2 and 2.1 Ga [Bokher et al., 1992]. Abouchami et al.
[1990] interpreted the 10-km-thick Birimian Mako volcanics
(dominantly tholeiitic basalts with an age of 2195 + 118 Ma)
as a flood basalt sequence with a mantle plume source, but they
could not distinguish whether these were continental or
oceanic flood basalts. On the basis of these data, we concur
with others who have proposed a mantle plume event at this
time and suggest that it influenced both continental and marine
environments.

The upper age limits of BIFs in the Transvaal Supergroup
overlap with this period (Table 5). Furthermore, there are
numerous iron formations whose current age constraints
indicate they might be of this age: in the Kalahari manganese
field, in Australia’s Naberru Basin and Middleback Range, the
Iiil Group (Mauritania), the Paramaca Formation (Sab
Francisco craton), the Gorumahisani BIF (India) and in the
Bohemian Massif [James and Trendall, 1982; Walker et al.,
1983; Banerji, 1984; Pouba and Kribek, 1986; Tyler and
Thorne, 1990; Cornell and Schiitte, 1995]). Together these
represent between 5 and 15% of the total volume of BIF
deposited globally [James and Trendall, 1982]. These BIFs are
either moderate to large class Superior-type deposits, or else
they are unusually thick Algoma-type units associated with
bimodal (mafic-felsic) volcanics. Given the uncertainties in
their ages at the present time, it is impossible to say if these
BIFs were deposited coevally during the period 2.25-2.20 Ga,
but the possibility cannot be ruled out.
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10.6. The 2.0-1.86 Ga Mantle Plume Event
and Deposition of BIF

All proxies of continental mantle plume activity suggest an
event between 2.0 and 1.86 Ga (Figure 1), associated with
rocks in the Trans-Hudson and New Quebec (Penokean)
orogenic belts [Hoffman, 1988; Sims et al., 1993]. The ~1.99-
1.95 Ga komatiitic basalts and tholeiites of the Povungnituk
Group erupted during :ifting of the Superior craton, and a hot
spot (mantle plume) may have promoted eruption of that 5-km-
thick volcanic sequence [Hynes and Francis, 1982; St. Onge et
al., 1992]. Similarly, the 1.91 Ga Hemlock Formation records
a later phase of continental rifting [Van Schmus and Bickford,
1981]. The Katiniq sills, layered intrusions of quartz
ferrogabbros, are ~1.92 By old [Parrish, 1989]. The 1.88 Ga
Fox River sill in the Cape Smith foldbelt is a layered intrusion
with a komatiitic geochemistry [Heaman et al., 1986]. During
the Ungava, Penokean, and Trans-Hudson orogens, oceanic
crust was accreted during the collisional phase [Lucas and St.
Onge, 1992; Sims et al., 1993]. For example, the Watts
Group’s Purtuniq ophiolite, accreted during the Ongava
orogen, is 1998 +2 Ma old and contains ultramafic cumulates,
sheeted dikes and pillow basalts [Parrish, 1989; St. Onge et
al., 1992]. In the Quinnesec Formation (Penokean orogen),
~1.87 Ga tholeiitic basalts comprise a dismembered ophiolite
[Sims et al., 1993].

Other regions record (ultra)mafic volcanism at this time.’

Baltica’s Onega Plateau, a 4.5-km-thick volcanic sequence
covering 6 x 10° km’, erupted at ~1.98 Ga (Table 2). It formed
by mantle plume activity [Puchtel et al., 1999]. Ultramafic
dike swarms on the Kaapvaal, Lewisian, Baltic, Superior and
Indian cratons were emplaced between ~2.0 and 1.88 Ga (Table
3). Komatiites that may be of this age erupted in Baltica and
Amazonia (Table 1).

During this time the very large BIFs of the Labrador Trough
and Animikie Basin accumulated (Table 5). These may contain
up to 15% of the total global BIF volume [James and Trendall,
1982]. Not all of the iron formations in these basins are
“Superior-type,” although this is the location where that class
of BIF was first described. Algoma-type BIFs in the region
(Negaunee, Fence River, and Vulcan iron formations) were
deposited in fault-bounded half-grabens dissecting a shelf
[Morey and Southwick, 1995]. The Superior-type sequences,
including the Gunflint and Biwabik iron formations of the
Animikie Group, accumulated on passive margins that evolved
into foredeep basins during the collision of the Wisconsin
magmatic terranes [Morey and Southwick, 1995). They were
deposited during a marine (ransgression [Simonson and
Hassler, 1996]. The Sokoman iron formation of the Labrador
Trough also accumulated in a foredeep basin during a marine
transgression [Hoffman, 1988; Simonson and Hassler, 1996).

10.7. Why Is There a Correlation Between Mantle
Plumes and BIF Deposition?

There is a strong correlation between the eruption of plume-
generated magmas and the deposition of banded iron
formation. We believe that there are a number of ways in which
plume-related magmatism could enhance the accumulation rate
of BIF. Perhaps most obviously, mantle plume volcanism may
have served as the source of Fe to BIFs, regardless of whether
the plume was situated beneath continental or oceanic
lithosphere. Mantle plumes also produce volcanic edifices
(primarily oceanic), and extensional basins (primarily
continental), with proximal hydrothermal effluent debouching
sites. These paleotectonic environments are likely to survive
in the geologic record. Displacement of marine waters by
ocean crust formed from magmas erupted during mantle plume
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events could account for deposition of Superior-type BIFs
under transgressing seas. During the Archean and
Paleoproterozoic, high-temperature weathering of basalts
could have removed substantial amounts of O, from the
atmosphere-ocean system, increasing the likelihood of long-
distance marine transport of dissolved ferrous Fe. Finally, the
efficacy of hydrothermal plumes as an agent of Fe transport to
continental shelves depends not only on pO, in the
atmosphere-ocean system but also on their depth,
Hydrothermal plumes originating at seamounts and oceanic
platecaus are introduced directly into the shallow to
intermediate water column [Karl et al., 1988; Cheminée et al.,
1991; Lupton, 1996]. As we previously discussed, recent
research on the behavior of plumes of hydrothermal effluent in
the marine water column shows that they rise to a depth of
neutral buoyancy and then spread outward. If the depth of
neutral buoyancy is shallower than the depth of the
continental shelf, the plumes will spread through the water
column above the continental shelf and material from the
plume will be deposited in shelf sediments. We suggest that
during these mantle plume events a global O, minimum-Fe
maximum developed in the upper oceans, explaining the
accumulation of Algoma- and Superior-type BIFs in a variety
of paleodepositional environments.

11. Conclusions

This work shows a strong temporal correlation between the
deposition of Superior- and Algoma-type banded iron
formation and episodes of mafic mantle plume magmatism.
This mafic mantle plume magmatism was expressed on
continents as flood basalts, massive dike swarms, and layered
intrusions. Within the ocean basins the mantle plume
magmatism was manifested as komatiitic volcanics
interbedded with more voluminous, high-iron basalts. Many
Algoma-type sequences formed on ocean plateaus or
seamounts, intercalated with such volcanics, and therefore had
a proximal hydrothermal source. We suggest that other BIFs
were deposited from hydrothermal plumes transporting water
particularly rich in Fe and poor in O, during periods of ocean-
centered mantle plume volcanism.
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