U-Pb Geochronology of Baddelyite in the Goose Lake Metadiabase: Evidence for Negaunee Iron Formation Deposition during Foredeep Development of the Penokean Orogeny

Abstract

The Goose Lake metadiabase is a chloritic sill that cross cuts the Siamo Slate and the Negaunee Iron Formation of the Marquette Range Supergroup, Michigan.  It is one of numerous chloritic sills that have been historically mapped as intruding Menominee and lower Baraga Group sediments.  Many of these sills are concentrated within the Negaunee and have been recently been correlated to the 1874 +/- 9 Ma Hemlock volcanics adjacent to the Negaunee Iron Formation.  A sensitive high-resolution ion mass spectrometry (ID-TIMS) U-Pb date of 6 baddelyite grains from the Goose Lake sill yields an age of 1891 +/- 3 Ma.  This precise age date is the first direct date of the chloritic mafic units that intrude the Negaunee Iron Formation and lower Baraga Group sediments.  This new date does not support a foredeep model for Negaunee Iron Formation deposition where by the Negaunee iron formation deposition is coeval to foreland basin deposition of the 1878 +/- 2 Ma Gunflint and Mesabi iron ranges (reference).  Instead, this age date supports the earlier interpretation that Negaunee deposition occurred on a continental shelf possible during the trailing passive margin stage prior to onset of 1870-1830 Ma Penokean orogenic event.  A further consequence of this new date is to question the relative age relationship of these chloritic sills with the Baraga Group in the Marquette Range Basin and the Sudbury impact layer identified in the presumed coeval Baraga Basin to the north.

Abstract
The Goose Lake metadiabase is a chloritic sill that intrudes the Siamo Slate and the Negaunee Iron Formation of the Marquette Range Supergroup, Michigan. It is one of numerous ( a number of) chloritic sills that (intrude units mapped as belonging to the) have been historically mapped as intruding Menominee and lower Baraga Group(s) sediments. Many of t(These sills, the heaviest concentration of which occur within the Negaunee of the Ishpeming region, have recently been correlated with the 1874 +/- 9 Ma Hemlock volcanics adjacent to the Negaunee Iron Formation of the Crystal Falls-Republic region.

A sensitive U-Pb date (high-resolution ion mass spectrometry - ID-TIMS) of 6 baddelyite grains from the Goose Lake sill yields an age of 1891 +/- 3 Ma. This precise age date is the first direct date of the chloritic mafic units that intrude the Negaunee Iron Formation and lower Baraga Group sediments. (This new date does not support models that correlate the Negaunee Iron Formation with the iron formations of the 1879 Ma Animikie rocks of the Gunflint and Mesabi districts, nor a (synorogenic) foredeep model for Negaunee Iron Formation deposition where by the Negaunee iron formation deposition is coeval to foreland basin deposition of the 1878 +/- 2 Ma Gunflint and Mesabi iron ranges (reference). Instead, this (new) age date supports the earlier interpretation (of the Negaunee as a continental shelf deposit laid down) that Negaunee deposition occurred on a continental shelf possible during the trailing passive margin stage prior to onset of (the) 1870-1830 Ma Penokean orogenic event. A further consequence of this new date is to (also calls into question the correlation of the Michigammee Group overlying the Negaunee Group in the Marquette Range Basin with the supposed Michigammee succession containing the putative Sudbury impact layer of the Dead River-McClure Basin region lying to the north of the Negaunee belt, and consequently also any correlation of the Marquette Range Menominee-Baraga Group rocks with the Animikie Group of the Gunflint-Mesabi Range.the relative age relationship of these chloritic sills with the Baraga Group in the Marquette Range Basin and the Sudbury impact layer identified in the presumed coeval Baraga Basin to the north. An age of 1890 Ma for the Goose Lake sill also does not support recent correlations of the sills with the supposed 1867 Ma Hemlock formation of the Crystal Falls region.

Introduction 

The Marquette Range Supergroup (MRS) (forms part of an east-west trending Lower Proterozoic belt of rocks extending from the Grenville Front in Ontario (Huronian Supergroup)  as far to the west as Minnesota and western Ontario, where they are represented by the the Mesabi and Gunflint iron ranges.) is relatively on strike with the Animikie Supergroup in Minnesota containing the prominent Gunflint and Mesabi iron ranges to the west and is on strike with the Huronian Supergroup in Ontario containing red beds (Gair, 1981; Young, 1983).  The Gowganda Formation of the Huronian is considered time equivalent with the lower Chocolay Group of the MRS whereas the MRS is considered broadly correlative to the Animikie, North Range and Mille Lacs Groups (Schenider et al., 2002; ….).  

Originally, a widely held interpretation of the MRS is (commonly held to) that it records a progression from intracratonic sedimentation (Chocolay Group) through to (an) Atlantic-style continental rifting and passive margin (style of deposition) setting (Menominee Group) (succeded in turn by foreland basin deposits.) into a foredeep phase (Baraga Group) (references).  Recent workers modified this model (More recently it has been proposed (rfs) that the Menominee Group)  placed  proposing that (was deposited under conditions of oblique Penokean subduction that produced faulted-bounded sub-basins (and eventually a) leading to foreland basin (in which was deposited the) development that included Menominee Group deposition (Hoffman (1987); Barovich et al., 1989).  This (proposal) modification is based on (the presence of a?/several? Zircons? with an U-Pb age of ) an 1874 +/- 9 Ma U-Pb age date of zircon grains ( - along with a variety of Archean age zircons -) within a rhyolitic unit of the Hemlock Volcanics.  Combining this date with inferred stratigraphic correlations, it was proposed that the (On the assumption that the Hemlock Volcanics interfingered with the Negaunee) lead(ing) Schneider et al., (2002) to the conclusion (concluded) that deposition of the Negaunee Iron Formation was also (must also be) c. 1874 Ma old, (and was coeval with).  This lead to the further conclusion that Negaunee deposition was coeval with deposition (of the iron formations) of the Gunflint and Mesabi Iron ranges (Schneider et al., 2002) (during development of a or set of foreland basins) Gunflint and Mesabi iron sediments are recognized as foreland basin fill related to (during) the 1870-1830 Ma Penokean orogeny.  Therefore, this apparent age correlation appears to (This interpretation would) support Hoffman’s (1987) earlier proposal that iron formation deposition in the Lake Superior region occurred within the foredeep of a foreland basin.  This interpretation appears to apply well to the Gunflint and Mesabi iron ranges.  As the Negaunee Iron Formation in the MRS exhibits similar characteristics to (the iron formation of these the Gunflint and Mesabi) iron ranges (Pietrzak-Renaud, 2013; references), the (proposed correlation appears emminently reasonable) apparent coeval relationship was a good fit.  

(Another approach to obtaining a minimum age for the Negaunee involves dating)  Central to the age argument for the Negaunee Iron Formation are the intruding (suite of ) chloritic metadiabases (that intrude the Negaunee).  Previous dating attempts of these chloritic units have been unsuccessful and interpretations speculative, (H)however, with the employment of (an) electron microprobe investigations, permitted the identification of micron scale baddelyite in one of the diabases, allowing the determination of a )were identified and submitted for U-Pb geochronology.  This paper reports the first precise U-Pb age of (for) the chloritic metadiabases that cross-cuts the Negaunee Iron Formation.  The purpose of this paper is to report this new age date and (and to discuss its relevance to interpretations of ) its implications of the age to the tectonic setting of  the Negaunee Iron Formation and the Marquette Range Supergroup.  The age of this metadiabase coupled with the historic mapping of the MRS challenges the current tectonic (as) foredeep (deposits) model for the Negaunee Iron Formation as classic (laid down during) collisional foreland basin development.

General Geology

The MRS sedimentary sequence is most deformed and thickest (7500 m) in the south, adjacent to the sheared basin boundary, and thins northward (2000 m).  It is a Paleoproterozoic supracrustal succession that extends across northern Michigan into Wisconsin (Cannon and Gair, 1970), and comprises three upward fining successions, the lower Chocolay, medial Menominee and upper Baraga-Paint River groups.  Detailed sedimentalogical and stratigraphic reporting is covered by Klasner et al., (1991), Sims and Carter (1993) and Ojakangas et al., (2001).  However a brief summary relevant to later discussions is presented here.  

For the oldest basal group, the Chocolay glaciosediments are overlain by shallow-water arenites, dolomites and orthoquartzites and has been correlated to the Gowganda Formation in the upper part of the Huronian Supergroup, Ontario (Gair, 1980; Young, 1983).  The correlation of the glacial sediments of basal Chocolay and the Gowganda suggests that the Chocolay is likely older than 2.2 Ma (Schneider et al., 2002).

The overlying Menominee lies unconformably on the Chocolay and contains some of the largest iron deposits in the region (Gair, 1981; Young, 1983; Schneider et al., 2002).  At the base of the Menominee, quartz arenites and argillite pass upward into dolomite, shale and thick iron-rich strata.  Locally, iron strata is interbedded with basaltic and felsic volcanics originally interpreted by Ueng et al., (1988) as local subaqueous eruptives.  Geochemical signatures of basalts are similar to modern-day within plate continental tholeiites and have led workers to suggest the Menominee developed in an extensional regime (e.g. Schultz et al., 1993).  These chloritic tholeiitic sills are concentrated in the Negaunee and have limited lateral extent.  However, historic mapping has recorded chloritic sills intruding the lower Michigamme sediments of the overlying Baraga Group (reference).  The temporal relationship to the Hemlock volcanics and the mafic units within the Gunflint and Mesabi are unclear although coeval relationships have been proposed (Schneider et al., 2002).  However, Schneider et al., (2002) and previously Hoffman (1987) suggest that the Menominee Group as a foredeep succession that was deposited on the outer ramps in second-order foreland basins created by oblique subduction of the continental margin.  Iron formations in these foredeeps are considered approximately synchronous with significant volcanism.  Reporting a 1874 +/- 9 Ma for Hemlock Formation, these workers suggest Negaunee Iron Formation is coeval with Gunflint deposition and the ca. 1890-1860 Ma Wisconsin Magmatic Terrane island arc magmatism (Sims et al., 1992; Sims et al., 1993).  The Baraga Group lies unconformably on the Menominee and consists of lower quartzites grading upward into thick turbiditic sequences interlayered with a few volcanics and iron formation members (Gair, 1970; Barovich et al., 1989; Hemming et al., 1995).  Two contending models suggest that Baraga deposition occurred in a foredeep during Archean continent collision with volcanic arcs in a south-facing subduction zone (e.g. Hoffman 1987; Barovich et al., 1989) or in a back-arc basin that formed in a north-facing subduction zone (Hemmington ey al., 1995; Van Wyck and Johnson, 1997).  Adding to the complexity is that the Baraga Basin to the north consists of upper Michigamme sediments however this basin is separated from the rest of the MRS sediments to the south by several kilometers of Archean basement (reference).  Interestingly, the 1850 Ma Sudbury impact layer was located within this Baraga Basin and not the southern MRS basin (reference).  Therefore, this author suggests caution must be applied to correlating the northern Baraga Basin and the southern MRS basin.  

Methods


An unweathered hand sample specimen was crushed to a fine powder using a shatter box.  Using the Soderland and Johansson (2002) method, baddelyite residual concentrate was wash off a Wilfley table into a pipette.  This residue was panned in alcohol and examined under a binocular microscope.  Thin, tabular crystals 20-30 microns in size were chosen for analyses.  To eliminate the potential loss of these grains through handling, the grains were not imaged by SEM.  The grains were not very reflective, possibly due to secondary zircon coating.  Because of possibility of zircon overgrowth, these baddelyite grains were subjected to a variety of acid leaching treatments to remove any altered domain that might be present in associated zircon.  One fraction was leached in a hot HF for 30 minutes in a Savillex vial on the hot plate.  Following this, a larger fraction was leached under the same conditions for 90 minutes.  A third fraction was leached for approximately 5 minutes in cold HF.  Grains from all three fractions, including one with no leach treatment, were analyzed.


Using hydrofluoric acid in Teflon bombs at 200oC, washed baddelyite was dissolved (Krogh, 1973).  These samples were subsequently redissolved in 3N HCl along with 205Pb-233U-235U (ET535) spike.  U and Pb were separated from solution using 50 microlitre anion exchange columns (Krogh, 1973) and mixed purified U and Pb solutions were loaded directly onto Re filaments using silica gel.  These were analyzed with a VG354 mass spectrometer using a Daly collector in pulse counting mode.  Dead time of the measuring system is 15 nsec and the mass discrimination correction for the Daly detector is constant at 0.05%AMU.  The estimated thermal mass discrimination correction for Pb is o.10+/-0.03/AMU based on measurements of standards.  Average age errors in error ellipses and test in figures are given at the 2 sigma level.  The age was calculated using the Isoplot program of Ludwig (1998, 2003).  Mean square of weighted deviations would be expected to be about 1 with correctly chosen analytical errors if there is no geological disturbance.  For Mesoproterozoic and older samples, 207Pb/206Pb ages are more precise and accurate than 206Pb/238U ages.  The average 207Pb/206Pb age is calculated from the upper Concordia intercept of a line regressed through the data but forced through the origin of Concordia (0 Ma).  U decay constants are taken from Jaffey et al., 1971).

Results: Goose Lake Geochronology 

Numerous mafic units and related dykes concentrate within the Negaunee Iron Formation.  Several of the mafic bodies appear to cross-cut MRS stratigraphy from the lower Siamo Slate through the lower Michigamme (reference).  The metadiabase described below and sampled for dating is mapped as intruding both the lower Siamo Slate to the west and passes into the overlying Negaunee Iron Formation to the east.  Due to the sample location near Goose Lake, this body is locally termed here as the Goose Lake Sill.  Based on petrographic investigations and microprobe analyses the mafic unit contains relict gabbric texture including dominantly chlorite replacing amphiboles, hornblend, and albite.  Baddelyite was observed in backscatter and ranges from 10 to 20 microns.  The small baddelyites crystals exhibited fine rinds of zircon.  

Investigations revealed that all analyzed grains appear to consist primarily of baddelyite based on physical appearance and Th/U ratios of about 0.05 for the leached and 0.17 for the unleached grains.  This suggests that the unleached grain was overgrown with zircon.  Grains subjected to 30 min and 90 min leaches in hot HF produced analyses within error of concordia, one fraction that was leached for 90 min shows slight reverse discordance, while the unleached grain produced a 7% discordant datum.  However, 207Pb/206Pb ages of these four fractions overlap with the average age of 1891+/-3 Ma (MSWD-0.06). This suggests that U/Pb disturbance was recent and may have been induced by laboratory leaching in the case of the reverse discordant datum.  One additional grain, which was leached for only 5 min in cold HF, produced a distinctly older concordant analysis at 1916 +/- 7 Ma.  Therefore the best estimate for the age of crystallization of the host mafic body is 1891 +/- 3Ma.  There is no evidence for disturbance by younger metamorphic zircon even for the unleached grain.

 Discussion

Baddelyite grains within the Goose Lake mafic establish an average U-Pb date of 1891 +/- 3 Ma for magmatism.  The 1916 +/- 6 Ma date obtained from one grain may reflect entrainment or an earlier disturbed cooling history and does not reflect the 1.89 Ma magmatic event.  The Goose Lake sill contains metagabbroic textures and minerals that have been largely replaced by chlorite.  Baddelyite are considered primary and crystallized within the metadiabase (Heaman and Lecheminant, 1993) however zircon rinds are likely a result of metamorphic overprint.  This date is the uppermost bracket for iron sediment deposition and indicates deposition is older than 1891 Ma.  An 1891 Ma magmatic date does not support the model of Negaunee iron formation deposition in a foredeep within a foreland basin as promoted by Schneider et al., (2002) and first proposed by Hoffman (1987).  Instead, it indicates that iron formation deposition followed by magmatism was prior to the onset of the 1870-1830 Ma Penokean collision and is unrelated to the development of the Penokean foreland basin proper.  

The age discrepancy between the Hemlock Volcanics adjacent to the Negaunee iron formation could be due to two possible scenarios.  First and foremost, the age date of the Hemlock obtained is contemporaneous with the onset of Penokean orogenesis.  If an 1984 Ma date reflects magma crystallization, it could suggest that bimodal Hemlock volcanism was initiated by Penokean subduction related processes.  If the Hemlock volcanics and Goose Lake sills are genetically related the possible age gap of 7-29 Ma between the Hemlock volcanics and Goose Lake sills may reflect: 1) either a change in magmatic processes where by Goose Lake sills reflect localized extension and Hemlock volcanics reflect arc-related magmatism; or 2) the Goose Lake sills are the earlier primitive intrusions and the Hemlock volcanics are the later evolved stage eruptives related to the same igneous event.  The latter explanation is more attractive as Schneider at al., (2002) and Fralick et al., (1998) point out, MRS bimodal magmatism of the Hemlock Volcanics, and now the Goose Lake Metadiabase, is coeval with Wisconsin Magmatic Terrane island arc magmatism (ca. 1890-1860 Ma) during subduction.  In the Cordilleran region, magmatism and metamorphism occur coevally (Miyashiro, 1973; Armstong, 1988; Barton et al., 1988; Miller et al., 1988).  Weakening of the lithosphere by heating leads to deformation influenced by boundary conditions and the tectonic forces acting on that area (Davis, 1980; Armstrong and Ward, 1991).  In the MRS, oblique compression of the weakened crust resulted in open folds and shearing along the Southern Shear Zone (Cambray et al., 1991; Cambray, 2002).  It is possible that the Goose Lake metadiabases and Hemlock Volcanics may represent early Penokean related magmatism associated with uplift extension or other transtensional processes coupled to complex mantle convections.  This corroborates with Fralick et al., (1998) whom suggested that extension-related rhyolitic volcanism occurring north of the Niagara fault, was synchronous with compression on or south of the fault zone as the arcs were accreted onto the craton edge.     

The second explanation for the age discrepancy is the possible overprint of the zircon grains.  It is proposed here that the zircons date of 1874 +/- X Ma are potentially suspect and reflect metamorphic overprint.  Siebel et al., (2011) have successfully argued that primary magmatic growth zones of zircons can be replaced by secondary textures as a result of diffusion reaction processes and replacement of zircon by dissolution and recrystallization followed by new zircon rim growth.  It is unclear at what grade the Penokean metamorphic achieved however, the Hemolck Volcanics, particularly the site that was sampled lies close to the sillimanite isograd relating to the Republic Metamorphic Node (James, 1955, Haase, 1979; Tinkham and Marshak, 2004).  

The implication of the new age of the Negaunee and the debatable age of the Hemlock Volcanics is integral to understanding the evolution of not only the MRS but also its relationship to the Animkie and Huronian basins.   The proposed contemporaneous age of the Negaunee Iron Formation and the Hemlock Volcanics has always been suspect since interlayering or other connecting stratigraphic relationships have not yet been identified in outcrop (Schneider et al., 2002).  However, any age difference can be explained via different magmatic events or an evolving magmatism series or metamorphic overprint.  What remains unresolved and more problematic is the unknown relationship of the Goose Lake sills and the units of the lower Baraga Group.  The chloritic and unclassified mafic units have been mapped as intruding the lower Michigamme units in the western MRS (reference).  If these mafics are related to the Goose Lake sills then the change from continental shelf to initiation of foreland basin development occurred prior to 1890 Ma.  Negaunee deposition would likely be closer to the 2.1 Ga date as first proposed by Hans and Runnegar (1992).  Such an old date for the iron formation, coupled with the Goodrich erosional unconformity and deposition the interval of Michigamme below the ca. 1850 Ma Sudbury Impact layer would suggest erosion and depositional onset was rapid.  Traditionally, the Baraga Basin has been correlated to the upper Baraga Group sediments in the western MRS basin.  The notable differences between these two basins are the lack of cholritic sills in the Baraga Basin and the absence of Sudbury Impact layer in the MRS.  These two features lead to an important tectonic implication for the area reflecting foreland basin migration from the southern MRS northward to the current Baraga Basin.  This leads to the suggestion that, not only are the MRS and lower Michigamme units older than originally proposed but that foreland basin development may have initiated as early as 1890 Ma.            

A further implication to this new age date is the relationship of older Negaunee Iron Formation to the younger Mesabi and Gunflint iron ranges.  The 1890 Ma upper bracket of the Negaunee suggests deposition in the MRS occurred earlier in Michigan than to the west in Minnesota and western Ontario.  This implies that foreland basin development likely driven by oblique Penokean collision led to compression in Michigan before collision in Minnesota.  Effectively, this stratigraphic arrangement would follow the correlation of the upper Huronian as temporally equivalent with the lower Chocolay of the MRS and the upper Baraga Group in the Baraga Basin as temporally equivalent with the lower Animikie basin.  Such a stratigraphic relationship would suggest that the Riverton Iron Formation occurring in the Baraga Group and above the Negaunee Iron Formation could be contemporaneous with the Mesabi and Gunflint iron formations.  This could more effectively explain the close stratigraphic relationship regarding the termination of the Riverton Iron Formation as well as the Gunflint and Rove Formations and the occurrence Sudbury Impact event in the Lake Superior region. 

Conclusions

The age of the Goose Lake metadiabase and the stratigraphic relationships to the rest of the MRS suggests that Negaunee Iron Formation deposition occurred prior to the onset of 1870-1830 Ma Penokean orogenesis.  Conversely, the date supports the earlier interpretation of iron sediment deposition in a continental shelf.  Whether this occurred during a passive margin or pre-collision setting is unclear.  However, further investigation is required to establish at what stage of pre-Penokean collision and in what environment this deposition occurred.  This new date also indicates that the Negaunee is older than previously assumed and therefore not contemporaneous with the Gunflint and Mesabi Iron Ranges.  In an attempt to resolve the stratigraphic relationship of the Negaunee Iron Formation with the Hemlock Volcanics and the lower Michigamme sediments, this author proposes that dating of the mafic units mapped as intrusions within the lower Baraga Group is crucial.  Although these units have been interpreted as contemporaneous with the Goose Lake sills, this relationship requires verification.  Further dating attempts on the Hemlock Volcanics, particularly the mafic series of the biomodal suit is also warranted.            

