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Abstract

	Undisturbed mid Archean crust (stabilized by 3.0-2.9 Ga) has several characteristics that distinguish it from post Archean crust.   Undisturbed mid-Archean crust has a low proportion of internal seismic boundaries (as evidenced by converted phases in seismic receiver functions), lacks high seismic velocities in the lower crust and has a sharp, flat Moho.  Most of the seismic data on mid-Archean crust comes from the undisturbed portions of the Kaapvaal and Zimbabwe (Tokwe segment) cratons.  Around 67-74% of younger Archean crust (stabilized by 2.8-2.5 Ga) has a sharp, flat Moho.  Much of the crust with a sharp, flat Moho also lacks strong internal seismic boundaries, but there is not a one to one correspondence.   In cases where its age is known, basaltic lower crust in Archean terranes is often but not always the result of post Archean underplating.   Undisturbed mid-Archean cratons are also characterized by lower crustal thicknesses (Archean median range  = 32-39 km vs. post-Archean average = 41 km) and lower crustal seismic velocities.  These observations are shown to be distinct from those observed in any modern-day tectonic environment.  The data presented here are most consistent with a model in which Archean crust undergoes delamination of dense lithologies at the garnet-in isograd resulting in a flat, sharp Moho reflector and a thinner and more felsic-intermediate crust.  We discuss the implications of this model for several outstanding paradoxes of Archean geology.  
Introduction
	There is continuing controversy about the tectonic processes that produced Archean continental crust (Helmstaedt, 2009a; Wyman and Kerrich, 2009; Miller and Eaton, 2010; Rollinson, 2010; Herzberg and Rudnick, 2012).   Based on geochemical indices, modern continental crust seems to be largely of arc affinity (Taylor and McLennan, 1985; Taylor and McLennan, 1995), or at least extensively contaminated by arc-like processes (Condie, 1999; Rudnick and Gao, 2003; Condie, 2005; Jagoutz and Schmidt, 2012).  However, the crust is differentiated, with a large component of silicic material that could not have originated from a single stage of mantle melting either in an arc or in a mantle plume.  In contrast, the low Fe olivine (Mg# 93)[Mg#= Mg2+/(Mg2++FeTotal) x 100] in the Archean-age mantle roots of continental cratons seems to represent the residue from high degrees of partial melting-a possible Archean analog for mantle plume processes (Afonso et al., 2008).   In this paper, we focus on tabulations of the characteristics of the lower crust and Moho within undisturbed Archean cratons and use this data set to constrain their genesis. 
	We consider the physical properties of the lower crust and the Moho.  Our goal is to see how the properties of the lower crust and the sharpness of the Moho transition varies as a function of geological age and tectonic history, and how this may relate to the origin of the crust and underlying lithospheric mantle. In particular, we ask if the physical characteristics of the Moho relate in some fundamental way to the changes in lithospheric evolution since Archean time.  This study has been preceded by numerous related studies that address more broadly the composition and physical properties of the lower crust (Griffin and O’Reilly, 1987; Fountain and Christensen, 1989; Holbrook et al., 1992; Mooney and Meissner, 1992; Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Wedepohl, 1995; Rudnick and Gao, 2003).
Petrological and Geophysical Data Sources 
	Moho depth has been determined on a global scale (Mooney et al., 1998).  We define a sharp Moho as one where the crust/mantle transition occurs over a vertical distance of less than 2 km, e.g. (James et al., 2003).  In areas with a more diffuse Moho, the crust/mantle transition commonly occurs over a minimum distance of 3 to 5 km.  Previous studies of the Moho have primarily focused on its characteristics within different tectonic provinces (Hale and Thompson, 1982; Jarchow and Thompson, 1989; Mooney and Meissner, 1992; Cook, 2002; Cook et al., 2010). The study of Jarchow and Thompson (1989) provides a valuable historical perspective on the seismic Moho, and Cook et al. (2010) provides a detailed review of seismic reflection observations in different geological and age settings within Canada. 
While there has been much discussion of the petrology of the Archean crust and sub-crustal lithosphere, the physical properties of the crust-mantle boundary (the Moho), also provide constraints on the processes by which the crust and lithospheric mantle were formed.  The modern-day seismic Moho is defined as the depth at which the P-wave seismic velocity reaches values >7.6 km/s (Steinhart, 1967; Jarchow and Thompson, 1989).  This depth typically coincides with the seismic reflection Moho, which is the boundary between the reflector rich crust and the reflector poor uppermost mantle (Mooney and Brocher, 1987; Cook, 2002; Cook et al., 2010).  In addition to seismic refraction/wide-angle reflection profiles and vertical-incidence seismic reflection profiles, Archean crust has recently been investigated by studies that employ seismic receiver functions.  The latter have provided a new look at the crust. Significantly, these studies rarely find strong seismic discontinuities within Archean crust; the most prominent discontinuity is generally the Moho itself (Nguuri et al., 2001; Kumar et al., 2012).  In refraction studies, Archean crust can be divided into layers, but the Moho is usually the strongest discontinuity, a finding that is consistent with receiver function studies.  Thus, a consistent feature of seismic studies of Archean crust is a sharp Moho boundary.
Moho and Crustal Characteristics: Part 1- Western Australia
	In western Australia, there are two Archean cratons, the Pilbara block (3.7-2.9 Ga) and the Yilgarn block (3.0 -2.7 Ga)(Griffin et al., 2004; van Kranendonk et al., 2007b).   They are separated by the 1.84 Ga Capricorn orogen.   The Moho beneath both cratons is sharp and thin with one exception near the southern edge of the Pilbara block (Figure 1, Tables 1, 2) (Reading et al., 2012).  The Moho is visible as a pronounced increase in seismic velocity over a depth range of 2 km or less.  In contrast, the Moho beneath the younger Capricorn Orogen is diffuse.    Indeed, of the three seismic stations within the Capricorn Orogen (WS06, WS05, and WS04), the Moho is detectable only at WS05. The crustal cross section (Fig. 1) shows two salient features (1) thinner crust (30-34 km) in areas of older Archean crust (3.65-3.15 Ga) and (2) a sharp Moho boundary for Archean crust as compared with the Proterozoic Capricorn Orogen.



Figure 1 after (Reading and Kennett, 2003).   Representative cross section of crust and upper mantle from the north to south across the 3.65-3.15 Ga Pilbara block, the 1.84 Ga Capricorn orogen and the 3.0-2.65 Ga Yilgarn block in western Australia.  Black solid cones: seismic stations.  Dashed lines beneath stations extending to depth beneath WS07 and W02: extent of Archean crust.   Red numbers: depth to Moho in km.  Stars: boundaries between age provinces.   Gray lines under solid cones: Seismic S-wave velocity versus depth.  Gray subhorizontal line of varying thickness represents the location and thickness of the Moho. 
Moho and Crustal Characteristics: Part 2-Canadian Shield
	As in Australia, we also see age related trends in the character of the Archean crust of the Canadian Shield.  From west to east, the cratonic crust of the Superior Province becomes progressively younger, from ca. 3.5 Ga in the Winnipeg River subprovince, to ca. 2.8-2.9 Ga in the eastern Wabigoon subprovince (Figure 2).  Seismic refraction and wide-angle reflection results from the Superior Province of the Canadian shield (Figure 2) show the thinnest crust (~32-36 km) in the 3.5 Ga Winnipeg River subprovince (Musacchio et al., 2004; Davis et al., 2005) whereas the 2.8 Ga Wabigoon has a crustal thickness between 38 and 42 km.  While the translation of seismic P-wave velocity into crustal composition can be misleading (i.e. Behn and Kelemen, 2003), lower P-wave velocities generally correspond to more evolved, Si-rich crustal compositions and higher P-wave velocities are associated with more mafic compositions.   Average lower crustal velocities in the 3.5 Ga Winnipeg River subprovince are approximately 6.7 to 6.8 km/s.  The 3.2-3.0 Ga Central Wabigoon subprovince has average crustal velocities of 6.8 km/s (in the west) up to 6.9 km/s in the east, and the 2.8-2.9 Ga Eastern Wabigoon subprovince has a lower crustal seismic velocity of 7.1 km/s.  The high velocity in the Eastern Wabigoon subprovince most likely represents mafic underplating from the 1.1 Ga Keweenawan rifting event (Hansen, 1975; Boerboom, 1994).  In summary, the seismic cross section from the Canadian Shield illustrates the general trend of thinner crust in older undisturbed Archean cratons and a possibly intermediate composition lower crust in pre 3.0 Ga cratons, compared with their post-Archean counterparts.  The cross section does not provide much information on the sharpness of the Moho transition.  
Figure 2. After (Musacchio et al., 2004).  Seismic line from the Winnipeg River subprovince to the Eastern Wabigoon subprovince of the Superior Province.  Seismic velocities are constrained by seismic refraction point gathers (numbered dots on top of black box).  Seismic velocities are labeled and color-coded.  L2S is layer 2S, an anomalous lower crustal layer with a seismic velocity of 7.41 km/s.  The colored line with numbers at the top of the plot just below the province names represents regional lithology: 1: felsic plutonic rocks, 2: intermediate plutonic rocks, 5: mafic to intermediate volcanic rocks, 16: mafic plutonic rocks.

Moho and Crustal Characteristics: Part 3- Southern Africa
	The contrast in Moho character between Archean cratons and post-Archean crust is best seen from the Kaapvaal and Zimbabwe cratons in southern Africa.  Both the Kaapvaal and Zimbabwe cratons in southern Africa contain crustal fragments that formed as far back as 3.7 Ga (Compston and Kröner, 1988; Horstwood et al., 1999; Schoene et al., 2009).  The Kaapvaal craton contains one of the oldest supracrustal sequences known, the Pongola basin.  The sediments of the Pongola basin supergroup date back to 3.0 Ga (Hegner et al., 1994), implying that this part of the Kaapvaal craton was a stable continental block by 3.0 Ga.   Additionally, the ages of the oldest sulfide inclusions in diamonds from beneath the Kaapvaal craton are within 100 million years of the overlying crust, suggesting that the lithospheric mantle below the craton was also stable (Pearson et al., 1995).   The eastern part of the Zimbabwe craton (the Tokwe segment) was also stable very early, at 2.9 Ga. The Kaapvaal and Zimbabwe cratons were welded together at ca. 2.6-2.7 Ga, forming the Limpopo mobile belt and incorporating the ancient Limpopo microcontinent (De Wit et al., 1992). The final amalgamation of terranes to the Kaapvaal craton occurred at 2.5 Ga.  Thus, although the Kaapvaal has a stabilization age of 3.0 Ga and the eastern Zimbabwe (Tokwe segment) has a stabilization age of 2.9 Ga, the composite craton, the Kalahari craton, has a stabilization age of 2.5 Ga.   
	De Wit and Tinker (2004) present eight deep seismic reflection profiles with a total length of 500 km from the central Kaapvaal craton. These data clearly depict a locally flat, sharp Moho, in agreement with previously reported seismic-refraction data that indicate a Moho transition that is 1-3 km thick (Durrheim and Green, 1992).  Receiver function data from southern Africa also show a sharp, flat Moho over undisturbed parts of the Archean Kaapvaal and Zimbabwe cratons (Nguuri et al., 2001; James et al., 2003) ( Fig. 3).  The northern and southern marginal zones of the Limpopo belt also exhibit a sharp Moho transition.  These zones have been interpreted as cratonic lithosphere overthrust by Proterozoic crust (De Wit et al., 1992).  In contrast, the disturbed zones near the Bushveld complex, in the Limpopo belt and in off-craton mobile belts mainly exhibit a diffuse Moho (Fig. 3).   The cratonic crust is generally thinner in the areas with a sharp Moho except for the marginal zones of the Limpopo belt where overthrusting caused crustal thickening.  In addition to the sharp Moho, the crust-mantle boundary is also flat over a large geographical area within the Kaapvaal and Zimbabwe cratons, as compared with the more undulose crust-mantle boundary in neighboring non-cratonic areas.	

Figure 3. (A) Sharp Moho (Archean craton) versus diffuse Moho (non-cratonic) as imaged by teleseismic data from southern Africa. Clear, well-aligned phases that are converted waves from a sharp Moho boundary are evident as strong pulses on undisturbed cratonic crust.  Non-cratonic crust and disturbed cratonic crust lack such clear, well-aligned seismic pulses due to an uneven, diffuse Moho boundary (James et al., 2003).  Numbers to the right of each receiver function profile are the number of earthquakes used to calculate the receiver function (near right) and the abbreviation for the seismic station (far right). (B) Histograms of the distribution of sharp (1), transitional sharp (2), transitional diffuse (3), and diffuse (4) between cratonic and off craton crust.  (C) Prototypes of the shapes of Moho transitions: sharp (1) transitional sharp (2), transitional diffuse (3) and diffuse (4).  

Consistent with observations from western Australia and the Canadian Shield, the lower crust in the Kaapvaal craton (outside of the areas associated with the Bushveld Complex) and the Zimbabwe craton (outside of the Magondi mobile belt) also lacks the high velocity lower crust (Vp > 7.1 km/s) that is frequently found in nearby post-Archean crust (Nguuri et al., 2001; Kgaswane et al., 2009).  Crustal xenolith and seismic studies have found that the lower crust in post-Archean areas is generally mafic (Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Wedepohl, 1995).  In contrast, xenolith and seismic data indicate that undisturbed lower crust in the Kaapvaal and Zimbabwe cratons (Kalahari craton) is intermediate or even felsic in composition (Niu and James, 2002; James et al., 2003; Schmitz and Bowring, 2003).   
Evaluating the Moho Transition from Receiver Function Data
[bookmark: _GoBack]We have collected receiver function data on the Moho transition from as many cratonic areas as are recorded in the literature.  In studies including a quantitative analysis of errors (Nair et al., 2006; Darbyshire et al., 2007; Thompson et al., 2010), an error in the Moho depth of less than ±0.8 km defines a sharp Moho.  To obtain data from a sufficient number of locations, many of the studies we have included in our analysis provided no quantitative estimate of the sharpness of the Moho transition.  In those cases, we have made a qualitative evaluation of the sharpness of the Moho.  Representative examples are in Figure 3.   A sharp Moho has a bell shaped curve and an amplitude (where available) within ~60% of the maximum amplitude.  The curve extends over a lateral distance of less than 12-14 km.  The apparent depth extent of the curve does not reflect the actual thickness of the Moho transition.  For example, Station sa19 has a Moho transition independently evaluated as less than 2.0 km thick (James et al., 2003).  On Figure 3, the receiver function peak at the Moho at station sa19 is about 12 km wide and has an amplitude in the middle part of the estimated range for a sharp Moho. A transitional sharp Moho has a slightly skewed bell shaped curve and an amplitude (where available) within ~50% of the maximum amplitude.   The curve extends over a lateral distance of less than 15 km.    A transitional diffuse Moho has an irregular shaped pulse, 15-20 km wide with a maximum amplitude less than ~40% of the maximum amplitude in the study.  A diffuse Moho has an irregular pulse over 15 km wide with a maximum amplitude less than ~30% of the maximum amplitude in the study.  
When we quantitatively compare the Moho transition between off-craton and on-craton sites in the Kaapvaal-Zimbabwe craton (Figure 3), there are clear differences.  The mean on-craton score is 1.23 +/- 0.16 (95% confidence) and the mean off-craton score is 2.79 +/- 0.35 (95% confidence).  A Z-test indicates that the null hypothesis that the two means differ only because of random variation can be rejected to better than 99% probability.  When applied to the observed histograms, a Pierson's chi-squared test indicates that the null hypothesis that that the two histograms are drawn from the same underlying distribution can be rejected to greater than 99% confidence.  Hence we conclude that the on- and off- craton scores are statistically distinguishable.
The differences in sharpness of the Moho have tectonic significance.  For example, one of the two “on-craton” sites (sa71) with an apparent diffuse Moho was classified as part of the off-craton Limpopo belt by later workers (Gore et al., 2009).  The second “on-craton” site with a diffuse Moho (sa43) is very close to the surface outcrop of the Bushveld complex.  More recent receiver function studies show that the intrusion of the Bushveld complex affected a much broader region of the Kaapvaal craton than had previously been recognized (Youssof et al., 2013).  Their work shows that the amplitude of the Moho conversion, a rough proxy for the sharpness of the Moho, is greatest in areas of undisturbed Archean crust stabilized by 2.9-3.0 Ga.   

Seismic Observations: Other Archean cratons
Table 1. Receiver Function Results-Group 1: Stabilized 2.9-3.0 Ga 

	Craton/ Age Range, Ga
	Sharp Moho, #
	Diffuse Moho, #
	Depth, km
	References

	Kaapvaal-outside Bushveld/3.7-3.0
	35
	0
	33-45
	Nguuri et al., 2001

	Kaapvaal near Kimberley/3.7-3.0
	31
	0
	35.4±0.2 
	James et al., 2003; Niu and James, 2002

	Kaapvaal outside Bushveld/3.7-3.0
	21
	0
	34-42
	Nair et al., 2006

	Zimbabwe-east/3.8-2.9
	7
	0
	34-37 
	Nguuri et al., 2001

	Zimbabwe-east/3.8-2.9
	5
	0
	36.5-39
	Nair et al., 2006

	Pilbara/3.7-2.9
	3
	0
	30-34
	Reading and Kennett, 2003

	Pilbara/3.7-2.9
	8
	1
	29-36
	Reading et al., 2012




Table 2. Receiver Function Results- Group 2: Stabilized 2.7-2.8 Ga

	Craton/ Age Range, Ga
	Sharp Moho, #
	Diffuse Moho, #
	Depth, km
	References

	Yilgarn/4.4-2.7
	3
	0
	29-36
	Reading et al., 2012

	Yilgarn/4.4-2.7
	2
	0
	37-41
	Reading and Kennett, 2003

	Greenland/3.9-2.7
	1
	1
	35-41
	(Kumar et al., 2007)

	Rae/3.9-2.7
	10
	6
	35-44
	(Thompson et al., 2010)

	Superior/3.8-2.7
	17
	1
	34-44 
	Darbyshire et al., 2007

	Hearne/3.0-2.7
	0
	5
	37-41
	Thompson et al., 2010

	Tanzanian/4.0-2.7
	7
	1
	37-42
	Last et al., 1997




Table 3. Receiver Function Results- Group 3: Stabilized 2.6-2.5 Ga

	Craton/Age Range, Ga
	Sharp Moho, #
	Diffuse Moho, #
	Depth, km
	References

	Slave/4.0-2.6
	10
	2
	36-40 
	Bank et al., 2000

	Baltic/3.7-2.6 
	8
	6
	45-50 
	(Alinaghi et al., 2003)

	Baltic/3.7-2.6 
	0
	10
	48-55
	(Kozlovskaya et al., 2008)

	Sao Francisco/3.8-2.6
	1
	3
	38-43
	(Assumpção et al., 2002)

	 N. China/4.0-2.5 
	8
	0
	32-48
	(Chen et al., 2010)

	 N. China/4.0-2.5 
	21
	8
	29-37
	(Zheng et al., 2007)

	 Yangtze/3.8-2.5
	9
	0
	32-48
	Chen et al., 2010

	Aravalli-Bundelkhand/3.3-2.5
	3
	0
	36-38
	(Kumar et al., 2012)


	
	We have tabulated seismic observations from other Archean cratons (Tables 1- 5). As emphasized by Cook et al., (2010), there is considerable variability in the character of the Moho (as imaged with seismic methods) from region to region.   Different seismic methods are better at seeing different aspects of the crust and Moho.  Several workers have described the resolution of the seismic velocity contrast and thickness of the Moho from seismic refraction and reflection data (Braile and Smith, 1975; Hale and Thompson, 1982; Mooney and Brocher, 1987; Jarchow and Thompson, 1989; Cook, 2002; Cook et al., 2010).     

Receiver function studies that look at P to S conversions at the Moho are quite effective at imaging the sharpness of the Moho discontinuity.   Receiver functions also detect the existence or absence of large-scale crustal convertors (i.e., seismic boundaries with a significant velocity contrast).  We use a compilation of seismic properties derived using the receiver function method to produce a quantitative estimate of the relative proportions of sharp and diffuse Mohos within Archean cratons with differing ages of stabilization.	

Figure 4.  Map of Archean cratons (light gray) and Early Proterozoic cratons (dark gray). Black circles: locations of seismic stations with receiver function results.  Original map   from (Abbott et al., 2000).  Map has been updated with more current information on basement age. 

Definition of Stabilization Age of Cratonic Blocks 
	Although many cratons contain areas of early Archean crust (pre-3.6 Ga), their Moho and crust were subsequently modified by deformation and plutonism over hundreds of million years until the craton became tectonically stable.  At that time, most or all plutonic activity ceased and the surface of the craton was covered by sediment.  Individual sedimentary layers became laterally extensive and contained sediment types typical of stable continental platforms: clean carbonate, shale and sandstone(Lowe, 1980; Eriksson and Donaldson, 1986; Eriksson and Fedo, 1994).    In many cases, the sediments were intermittently covered with flood basalts (Blake, 1993; Eriksson et al., 2002b), just as flood basalts cover some continental platforms today (e.g. the Permo-Triassic Siberian traps and the Triassic-Jurassic CAMP basalts.)  Thus stable cratons are typically covered by continental platform sediments and/or flood basalts.

Table 4. Receiver function results on Moho sharpness and depth.
	Stabilization Age
	Sharp Moho, #
	Diffuse Moho, #
	Sharp, %
	Moho Depth, 
	Median Depth, km

	
	
	
	
	km
	

	2.9-3.0 Ga
	110
	1
	99
	29-45
	32-39

	2.7-2.8 Ga
	40
	14
	74
	29-44
	33-40

	2.5-2.6 Ga
	60
	29
	67
	29-55
	33-52

	All Archean
	210
	44
	83
	29-55
	32-52

	2.5-2.8 Ga
	100
	43
	70
	 
	 





Figure 5.  Stabilization age of cratons (Ga) versus sharpness of the Moho (%). Receiver function results. 


Figure 6. Stabilization age of cratons (Ga) versus crustal thickness ranges for all cratons in an age group; minimum thickness, maximum thickness, minimum value of median thickness, and maximum value of median thickness. 

Table 5.  Oldest Age and Stabilization Age References for Cratonic Blocks
*** model age (Nd, Hf) **d detrital zircon age ** inherited zircon age,  *primary igneous zircon
	Craton 
	OA, Ga
	Oldest Age (OA) Ref.
	SA, Ga
	Stabilization Age (SA) Ref.

	Kaapvaal
	3.7***3.7*
	(Schoene et al., 2009)
	3.0
	(Armstrong et al., 1991; Moser et al., 2001; Zeh et al., 2009)

	E. Zimbabwe (Tokwe, Sebwakian)
	     3.8**
3.6*
	(Dodson M. H. et al., 1988; Nägler et al., 1997; Horstwood et al., 1999)
	2.9
	(Moorbath et al., 1987; Dodson et al., 2001; Fedo et al., 2003) 

	Pilbara Block
	3.7** 3.5*
	(Thorpe et al., 1992)
	2.9
	(Blake, 1984; Van Kranendonk et al., 2007a)

	Yilgarn
	4.4** 3.7*
	(Thern  and Nelson, 2012)
	2.7
	(Czarnota et al., 2010; Ivanic et al., 2012)

	Greenland
	3.9*
	(Nutman et al., 2007; Nutman et al., 2009)
	2.7
	(Eriksson and Fedo, 1994; Nutman and Friend, 2007; Friend et al., 2009)

	Rae
	3.9***
3.6**
	(Hartlaub et al., 2005)
	2.7
	(Hartlaub et al., 2004; Sandeman et al., 2005)

	Superior*
	3.8*
	(O'Neil et al., 2007)
	2.7
	(Card, 1990; Corfu and Stott, 1993; Davis et al., 2005)

	Hearne
	3**
	(van Breemen et al., 2007)
	2.7
	(Hoffman, 1988; Sandeman et al., 2004)

	Tanzanian*
	4**
3.6*
	(Kabete et al., 2012)
	2.7
	(Bellucci et al., 2011; Lawley et al., 2013)

	Slave*
	4.1***
3.8**
	(Bowring et al., 1989; Stern and Bleeker, 1988; Bowring and Williams, 1998)
	2.6
	(Helmstaedt, 2009b; Corcoran, 2012)

	Baltic*
	4.0***
3.7**
3.5*
	(Slabunov et al., 2006; Lauri et al., 2011)
	2.6
	(Gorbatschev and Bogdanova, 1993; Mänttäri and Hölttä, 2002; Mikkola et al., 2011)

	Sao Francisco
	3.8**d
3.1*
	(Hartmann et al., 2006; Rios et al., 2008)
	2.6
	(Peucat et al., 2011)

	 N. China
	3.8*
4***
	(Liu et al., 1992; Song et al., 1996; Zheng et al., 2004; Geng et al., 2012)
	2.5
	(Zhao et al., 2005; Han et al., 2012; Ma et al., 2013)

	Yangtze
	3.0*
3.8**d
	(Zhang et al., 2006)
	2.5
	(Zheng et al., 2006)

	Aravalli-Bundelkhand
	3.3**
3.3**d
3.7***
	(Kaur et al., 2011)
	2.5
	(Roy and Kröner, 1996; Wiedenbeck et al., 1996; Roy et al., 2005; Meert et al., 2010) 

	Nain-Hopedale
	3.1*
3.3***
	(James et al., 2002)
	2.8
	James et al., 2002

	Abitibi
	2.7*
2.8**
	(Davis, 2002)
	2.7
	(Chown et al., 2002)

	Winnipeg River
	3.2*
3.5***
	(Davis et al., 2005)
	2.7
	(Corfu, 1996)

	Wabigoon
	3.1*
3.3**d
3.4***
	Davis et al., 2005
(Henry et al., 2000)
	2.7
	(Tomlinson et al., 2004)

	Uchi
	2.9*
3.2***
	Henry et al., 2000
	2.7
	(Corfu and Stott, 1993)

	Behrens R. /N. Caribou
	3.0*
3.2***
	Henry et al., 2000
	2.7
	Corfu and Stott, 1993

	Nain-Saglek
	3.8*
3.9**
	(Schiøtte et al., 1989; Schiøtte et al., 1993)
	2.6
	(Connelly and Ryan, 1996)

	Dharwar
	3.3*
3.6**d
	(Nutman et al., 1992; Naha et al., 1993)
	2.5
	(Balakrishnan et al., 1999)


*cratons with portions stabilized prior to 2.9 Ga
	 
	In our compilation, we divide Archean cratons into three age groups based on the age at which a craton became tectonically stable.  The age of stabilization is the basal age of the oldest stable platform sediments: e.g. quartz arenite, clean carbonate and shale that are deposited upon the cratonic basement.  The argument is that these sediment types imply no ongoing or recent tectonic activity.  Because tectonic activity can come and go over geological time, the stabilization age is the age of earliest stability of the cratonic block.
	The stabilization age should not be confused with the ages of the oldest rocks and minerals on each craton, which are generally far older (Table 5).  With a few notable exceptions (Abitibi and Hearne in the Canadian shield), each craton contains some rocks older than 3.0 Ga.  Almost all Archean cratons experienced significant igneous magmatism for periods longer than all of Phanerozoic time.  (Significant igneous magmatism includes basaltic through granitic intrusions but excludes low degree partial melts like kimberlites, lamproites and alnoites.) 
	The stabilization age may be nearly the same as the age of plate tectonic amalgamation of a craton but it may also be significantly different.  For example, the plate tectonic amalgamation of the entire Canadian shield was at ~1.8 Ga (Hoffman, 1988).  In contrast, portions of the Canadian shield contain 3.0 Ga stable platform sediments (Eriksson and Donaldson, 1986; Sasseville et al., 2006).  We endeavored to estimate stabilization age in a consistent manner, but we recognize that future, more detailed studies will find more complexity and will subdivide cratonic blocks. 
Receiver Function Results and Stabilization Age 
	The first group of cratons stabilized between 2.9 and 3.0 Ga (Table 4, Table 5).   These three cratons, the eastern Zimbabwe craton, the Kaapvaal craton, and the Pilbara block show sharp Mohos with one notable exception on the southern edge of the Pilbara block.  Crustal thicknesses of these blocks range from 29 to 45 km.  The second group of cratons became tectonically stable between 2.7 and 2.8 Ga.  These cratonic blocks have a high percentage of sharp Mohos (74%) but a notable percentage of diffuse Mohos (error in Moho depth of less than ±0.8 km). The youngest group became stable between 2.5 and 2.6 Ga (Table 3) and has the lowest percentage of sharp Mohos (67%).    We see a progression: the percentage of sharp Moho discontinuities declines as the age of stabilization of the craton becomes younger (Figure 5).  There is a clear difference between the percentage of sharp Moho for cratons stabilized at 2.9-3.0 Ga and slightly younger terranes (2.7-2.8 Ga).  It is not clear that there is a statistically significant difference between the two youngest groups (2.7-2.8 Ga) and (2.5-2.6 Ga).   
	Thickness Range of the Crust
	We find that the range in crustal thickness shows a distinct trend with stabilization age of the craton (Table 4, Figure 6).   The cratons with the oldest stabilization ages of 3.0-2.9 Ga have crustal thickness ranges of 29-45 km and a median crustal thickness of 32-39 km.   (Each study produces a crustal thickness range and the median value of the crustal thickness range of each craton is the median crustal thickness.)  The Archean cratons with intermediate stabilization ages of 2.8-2.7 Ga have crustal thickness ranges of 29-44 km and a median crustal thickness of 33-40 km.   The Archean cratons with the youngest stabilization ages of 2.6-2.5 Ga exhibit a crustal thickness range of 29 to 55 km and a median crustal thickness range of 32-52 km.   While the differences in median crustal thickness between these three groups are small, the global trend to greater crustal thickness with younger stabilization age is consistent with the trend observed for individual cratons (as shown above) and with the higher average crustal thickness observed in the modern-day continental crust (ca. 41.1 km; Christensen and Mooney, 1995).   Unlike the Moho sharpness, the crustal thickness data derived from receiver functions (Table 4, Figure 6) shows the biggest differences between crust with stabilization ages of 2.8-2.7 Ga and crust with stabilization ages of 2.6-2.5 Ga.  

Sharp and Diffuse Mohos and the Nature of Archean Crust
	Receiver function data show that areas of undisturbed Archean crust with sharp Moho boundaries have few internal seismic convertors (Figure 3).  In most cases, the Moho is the strongest seismic convertor in the crustal section.  In contrast, areas of disturbed Archean crust like the Bushveld Complex have one or more strong seismic convertors within the crust (Nguuri et al., 2001; James et al., 2003).   Because internal seismic convertors scatter seismic energy, they diminish the amplitude of the Moho phase, making the Moho more difficult to identify.  They can also make the Moho phase appear more diffuse.  When data processing is improved (Nair et al., 2006), resolution of the Moho improves in receiver functions. 
	Flatness of the Archean Moho
	The general sharpness of the Archean Moho is accompanied by smoothly varying, relatively small lateral changes in crustal thickness.  This can be seen in all of the seismic data sets (Figures 1, 2, 3).   In contrast, the Moho in post-Archean mobile belts in southern Africa (Figure 3) shows abrupt ups and downs that appear random, at least on the scale of the distance between seismic stations.  
Discussion of Receiver Function Results
	The trends in Moho sharpness, Moho smoothness and crustal homogeneity are consistent with temporal variations in crustal evolution.  Early to late Proterozoic orogens surrounding Archean cratons most often have a diffuse Moho (Figures 1 and 3).  Crustal thicknesses of Proterozoic orogens surrounding late Archean cratons are sometimes similar to those of the associated Archean crust (Tugame et al., 2012).  The biggest change in Archean crustal thicknesses appears between ~2.7 and 2.6 Ga (Table 4, Figure 6) as opposed to the biggest change in sharpness of the Archean Moho between ~2.9 and 2.8 Ga.   A slowly varying depth to the Moho and an absence of internal crustal seismic convertors seem to be coupled in many areas of Archean crust but are not found everywhere.  In contrast, areas of post Archean crust tend to exhibit rapid variations in crustal thickness and one or more seismic convertors.   All of these changes provide an indication that crustal formation and preservation evolved during Archean time.  We discuss this more fully later. 	

	Seismic Reflection and Refraction Results from Archean Cratons
	Seismic reflection and refraction data are both excellent tools for resolving intracrustal reflectors.  Because the seismic frequencies of the controlled sources used in seismic reflection studies are higher than those of the earthquakes employed in receiver function studies, seismic reflection data provide the highest resolution of seismic discontinuities within the crust.  Seismic reflection data provide good two way travel time estimates for a given crustal reflector but cannot resolve the seismic velocity structure of the crust beyond the upper few km.  Thus, seismic reflection data alone cannot reveal the exact thickness of the crust.  Because internal reflectors can reduce the strength of the Moho return, seismic reflection lines may image the Moho as diffuse in areas where lower frequency receiver function data show a sharp Moho, e.g. (de Wit and J.Tinker, 2004).  
In seismic refraction lines, the sharpness of the Moho is determined from the character of the Moho reflection (PmP).   This reflection is clearly resolved in crust where the Moho transition is sharp, and is less well resolved in crust where the Moho transition is diffuse (Braile and Smith, 1975; Stein and Wysession, 2003).   Where the Moho is sharp the seismic velocity versus depth function shows an abrupt increase at the Moho transition.  Where the Moho is diffuse, the seismic velocity versus depth function shows a gradual increase at the Moho transition. 
	Seismic refraction/wide angle reflection profiling (here abbreviated as seismic refraction) is the best method of resolving the velocity structure of the crust (Mooney, 1989). A larger velocity contrast increases the amplitude of the return from a seismic reflector like the Moho, so seismic refraction profiles provide the opportunity to determine if the seismic velocity structure of typical Archean crust is different from that of post-Archean crust.   Earlier studies (Durrheim and Mooney, 1994) argued that the lower crust within Archean cratons was silicic to intermediate in contrast to the basaltic lower crust in Proterozoic terranes.  A basaltic lower crust has on average a high seismic velocity that creates a lower velocity contrast with the underlying mantle compared with a silicic or intermediate lower crust.   Thus, we hypothesize that some of the difference between the typical Archean Moho and the post Archean Moho is due to differences in the lower crustal composition as evidenced by the seismic velocity of the lower crust. 
Table 6.  Seismic Results with Seismic Velocity/Crustal Composition.
REFL-seismic reflection, RF-receiver function, REFR-seismic refraction.
Comp LC-lower crustal composition. Intermed-intermediate (andesitic) crustal composition, basic-basaltic, felsic-dacitic composition.

	Craton/ 
Age, Ga
	Data
Type 
	Moho Type
	Depth, km
	Vp-LC, km/s 
	Comp LC (# in Fig. 7)
	Reference

	Kaapvaal/
3.7-3.0
	REFL
	Sharp-to-diffuse
	36-41
	--
	
	deWit and Tinker, 2004

	Kaapvaal/
3.7-3.0
	RF 
	Sharp-31, Diffuse-0
	35.4±0.2 
	6.75
	felsic (#1)
	James et al., 2003; Niu and James, 2002

	Pilbara/
3.7-2.9
	REFR
	Sharp-8, Diffuse-0
	25-35
	6.8-7.2
	Intermed to basic (#2)
	Drummond_1988

	Nain-Hopedale/
3.3-2.8
	REFR
	Diffuse-1
	32
	6.65-6.7
	Felsic (#3)
	(Louden and Fan, 1988)

	Yilgarn/
4.4-2.7
	REFL
	Diffuse
	33-38 
	--
	
	Drummond and Goleby, 2000

	Yilgarn/
4.4-2.7
	REFR
	Sharp-5, Diffuse-0
	25-35
	6.8-7.2
	intermed to basic (#4)
	Drummond_1988

	Abitibi/
2.8-2.7
	REFL
	Sharp
	38-40
	--
	
	Calvert et al., 1995

	Abitibi/
2.8-2.7
	REFR
	Sharp-10, Diffuse-1
	37-40
	6.9-7.3 
	intermed to basic (#5)
	(Grandjean et al., 1995)

	Superior/
3.8-2.7
	RF
	Sharp-17, Diffuse-1
	34-44
	--
	intermed to basic 
	Darbyshire et al., 2007

	Winnipeg R./
3.5-2.7
	REFR
	
	32-40
	6.7-6.8
	Felsic (#6)
	Musacchio et al., 2004

	Baltic/
 3.7-2.6
	REFL
	Sharp-to-diffuse
	37-45
	--
	--
	Mints et al., 2009

	Slave/
4.0-2.6
	REFR
	Sharp-4, Diffuse-0
	33
	6.6-6.9
	felsic to intermed (#7)
	Fernandez-Viejo and Clowes, 2003

	Nain-Saglek/
3.9-2.6
	REFR
	Sharp-0; Diffuse-1
	28-32
	6.7-6.9
	felsic to intermed (#8)
	(Funck et al., 2008)

	Dharwar/
3.6-2.5
	REFR
	Sharp-5, Diffuse-5
	42-45
	7.3
	Basic (#9)
	(Mall et al., 2012)



Assessing Crustal Composition from Seismic Refraction Data 
	Recent work has shown that at higher pressures typical of the lower crust, seismic P wave velocity can be translated into composition with a relatively high degree of confidence (Behn and Kelemen, 2003).   If the seismic P-wave velocity is higher than 7.1 km/s, the lower crust is most likely basic (basaltic) in composition.  If the seismic P-wave velocity is lower than 6.8 km/s, the lower crust is most likely silicic (granitic) in composition.  In both cases, the lower crust will consist of high-grade metamorphic rocks. We use their results to estimate the composition of the lower crust within Archean cratons.
Seismic Refraction and Reflection Results
	Table 6 shows seismic reflection and refraction results sorted by age of crustal stabilization.  The data set is not as complete as that from receiver functions but we see some general trends.   Where the seismic refraction data constrain a narrow range in lower crustal velocities of 0.2 km/s or less, crust with stabilization ages of 3.0 to 2.6 Ga has a lower crust that is felsic or felsic to intermediate in composition (Figure 7).  It is only the Dharwar craton with a stabilization age of 2.5 Ga where the lower crust has an unequivocally basic composition.  In refraction data where the lower crust has a broad range in velocities, the lower crust is characterized as intermediate to basic and there is no significant trend with stabilization age (Figure 7, Table 6). 

Figure 7.  Seismic Velocity of the Lower Crust versus Stabilization Age.  Data is from the 9 seismic refraction studies with lower crustal velocity results (Table 6).  Groups 1-9 on the plot are delineated in parenthesis in the composition column of Table 6. 
[image: ]
Figure 8. Map of Archean (light gray) and Early Proterozoic blocks (dark gray). Black circles: locations of refraction lines used in estimating sharpness of the Moho.  Original map   from (Abbott et al., 2000).  Map has been updated with more current information on basement age. 

Refraction Results on the Sharpness of Moho

	The one refraction study of cratonic crust stabilized by 2.9 Ga shows a uniformly sharp Moho (Table 7, Figure 9).   The refraction studies of crust stabilized between 2.8 and 2.7 Ga found that 88% of the crust had a sharp Moho.   The refraction studies of crust stabilized between 2.6 and 2.5 Ga found that 60% of the crust had a sharp Moho.  Even though the errors are large, the differences between the datasets appear to be significant.  Overall, the more sparse refraction data is consistent with our receiver function trend in decreasing sharpness of the Moho with decreasing stabilization age of the cratonic block. 

Table 7.  Summary of Refraction Results on the Sharpness of the Moho



1

	Stabilization Age, Ga
	Sharp, #
	Diffuse, #
	Sharp, %
	1 Pt. Error, %

	2.9-3.0
	8
	0
	100
	13

	2.7-2.8
	15
	2
	88
	6

	2.5-2.6
	9
	6
	60
	11

	All Archean
	32
	8
	80
	2

	All 2.5-2.8Ga
	24
	8
	75
	3



[image: ]
Figure 9.  Distribution of Sharp Mohos from Seismic Refraction Data.
	The refraction data show that those parts of Archean cratons with a basaltic lower crust have a sharp Moho in some places (e.g. the Dharwar) (Table 6).  This is also apparent in seismic reflection profiles with velocities constrained by seismic refraction (Mussachio et al., 2004.)  This result implies that in areas where the lower crust is intermediate to silicic in composition the sharpness of the Archean Moho is not due solely to a large velocity contrast between the lower crust and the underlying mantle. Part of the sharpness is due to an abrupt change in bulk seismic velocity at the Moho as opposed to a slow change in bulk seismic velocity spread over a depth range of 2 km or more(James et al., 2003). 

Comparison with modern-day crustal formation:

The sharp Moho and flat crust-mantle boundary within most Archean cratons contrast strongly with the more diffuse and varying Moho that is frequently found in post-Archean terranes.   Modern-day continental crust is thought to be produced in island-arc type settings, where the composition of the newly formed arc crust is similar to that observed globally for bulk continental crust (Jagoutz et al., 2011). 
Island Arcs

[image: ]
Figure 10. Representative seismic velocity models across the Mariana arc-back-arc system from (Calvert et al., 2008)  Green circles: locations of ocean bottom seismometers. Arrows: locations of seismic lines oriented perpendicular to the trend of the profile.  Moho reflection is dotted black line in the top profile and solid black line in the bottom profile. (Top) Three-dimensional velocity model.  (Bottom): Two dimensional velocity model.  Calvert et al., (2010) note that Moho reflections are intermittent and the crustal and Moho seismic velocities are quite variable.  Vertical exaggeration is 5:1. 
	Seismic cross sections of modern arcs have several notable features (Figure 10) and (Takahashi et al., 2008; Kodaira et al., 2010).  The first is that the Moho is diffuse.  As can be seen in Figure 10, the Moho is imaged as a broad transition zone, occurring between regions characterized by Vp =7.2-7.4 km/s and underlying regions with Vp = 7.6-7.8 km/s with no sharp change in seismic velocity as is typically observed in the cratons (Figs. 1, 2).   The second feature is the presence of higher seismic velocities within the lower crust compared with those observed in Archean cratons (Vp = 6.7–7.1 km/s, Table 6, Figure 7).  The third distinctive feature of modern arcs is the undulose nature of the Moho.   The Moho depth can change by 10 kilometers over a 50 km lateral distance.   The undulose Moho is observed both in cross sections and along strike of arcs (Calvert et al., 2008; Takahashi et al., 2008; Kodaira et al., 2010).  
	The diffuse nature of the Moho, the higher seismic velocities in the lower crust and the undulose nature of the Moho boundary are significantly different from nearly all examples of Archean crust.  The seismic velocities of the lower crust are all in the range of basaltic compositions rather than the range that is more typical of the intermediate compositions found within Archean lower crust. 
Oceanic Plateaus
	The other commonly proposed modern analog for Archean protocontinents are oceanic plateaus, in particular Ontong Java.   The crust of the thickest part of the Ontong Java Plateau reaches that of the thinner Archean continental crust (35 km) (Furumoto et al., 1976; Durrheim and Mooney, 1991; Miura et al., 2004).  The seismic refraction study of Miura et al., 2004 shows clear PmP reflections over long distances for 6 out of 8 OBS record sections. The Moho in that part of the Ontong Java plateau is typically sharp.  The Moho in some parts of the Ontong Java is relatively flat, but this is not true for the central Ontong Java.  
[image: Oceanic_Plateau_Crustal_Structure_Fig]
Figure 11. Taken from compilation of (Ridley and Richards, 2010) A: after (Furumoto et al., 1976)  after B: after (Gladczenko et al., 1997)    C: after (Miura et al., 2004)

The seismic velocities of the lower crust of the Ontong Java plateau range from 7.2 to 7.7 km/s, higher than those of Archean lower crust.  In the central Ontong Java plateau, however, the lower crust has seismic velocities of about 7.1 km/s, within the range of some Archean lower crust (Table 6, Figure 7).  The crust-mantle boundary of the Ontong Java plateau has low relief in two cases (Figure 11A, 11C) but shows rapid lateral changes in thickness in another case (Figure 11B).   The seismic structure of the Ontong Java plateau, and by inference other oceanic plateaus, is a better analog to Archean cratons than that of modern-day island arcs, however neither of these modern-day tectonic analogues satisfy all of the observations made for Archean cratonic crust.
Models for the Production of a Flat and Sharp Moho within Archean Cratons

The observations presented in this manuscript reveal that most Archean cratons are characterized by thinner than average crust with low-to-intermediate lower crustal seismic velocities (Vp = 6.7 – 7.1 km/s) and a flat, sharp seismic Moho.  The flat, sharp Moho is inconsistent with the formation of the cratonic crust in an unmodified subduction zone-type setting, which typically results in the highly undulose and diffuse Moho reflectors observed at modern-day island arcs (Fig. 10).  Furthermore, active upwelling (plume) dominated processes, such as those responsible for modern-day oceanic plateaus, can also be ruled out due to the highly basaltic nature of the plateau crust and higher seismic velocities of such occurrences (i.e. Ontong Java lower crustal Vp = 7.1- 7.7 km/s) compared with the Archean cratons.  The only persistent modern-day occurrence of sharp, flat Moho reflectors is within typical oceanic crust (Collins et al., 1986; Vera et al., 1990; Boudier and Nicolas, 1995), however the oceanic crust is also basaltic and therefore a poor analogue for the formation of the felsic-to-intermediate composition of Archean continental crust. 
One model for the stabilization of Archean cratons that does satisfy all of the four main constraints (sharp and flat Moho, and thinner-than-average crust with a felsic-to intermediate composition) is crustal delamination.  Delamination will occur when portions of the lower crust become denser than the underlying mantle (Kay and Mahlburg Kay, 1983; Arndt and Goldstein, 1989).  Due to the high density of garnet, which would be stable in primary Archean crust for depths greater than 25-30 km (Vantongeren and Korenaga, 2012), lower crustal rocks in the Archean were likely gravitationally unstable with respect to the underlying mantle.  Delamination of garnet-bearing lithologies would therefore selectively remove the most mafic portions of the Archean crust, leaving behind a more felsic crust, explaining the thinner than average crust and the felsic-to-intermediate composition (and lower seismic velocities) observed for cratonic crust today.  
The delamination hypothesis explains the preservation of a sharp, flat Moho despite the very long evolution of the cratons (hundreds of million years) from the time of the formation of the first granites and basalts until they became stable continental blocks (deWit et al., 1992; Zhang et al., 2006; Smithies et al., 2009). Upper crustal rocks in Archean cratons show clear evidence of deformation, however, the lithospheric roots of the cratons were preserved with apparently little deformation (Fig. 1-3). 
In addition to satisfying the geophysical constraints presented here, the delamination hypothesis also explains some paradoxes of Archean tectonics.  The first is the geochemical mass balance paradox that is based on the unique composition of Archean crust (Zegers and van Keken, 2001; Herzberg and Rudnick, 2012).  This felsic to intermediate composition requires the loss of more than 80% of mafic Archean residues based on reasonable estimates of primary magma compositions e.g. (Herzberg et al., 2010).  The second paradox is the rarity of Archean eclogites, which would be a common rock type if subduction were the dominant process.  A study of kimberlites where eclogites were perceived as abundant (i.e. Roberts Victor, Bobbejean and Udachnaya) found that eclogites made up about 3-15% of the mantle xenolith suite (Schulze, 1989).  The oldest known eclogitic inclusions in sub-continental lithospheric mantle are about 3.0 Ga (Helmstaedt, 2010; Shirey and Richardson, 2011), but these are exceedingly rare.  If basaltic protocrust was destroyed relatively rapidly by a combination of partial melting and density driven removal, the basalt would not be preserved as eclogite within the lithospheric mantle.  The third paradox is the absence in most Archean cratons of linear belts of granitic to basaltic extrusives with a common age, as found in Phanerozoic crust (Hamilton, 2007).  Instead, maps of the extent of late Archean flood basalts hint at a circular geometry (Eriksson et al., 2002a) suggesting that basaltic underplating occurred over broad regions that are more circular in shape than linear.  The circular geometry is consistent with Rayleigh-Taylor type instability associated with delamination and subsequent asthenospheric upwelling and decompression melting (e.g., (Elkins-Tanton, 2005).
Delamination of the mafic/ultramafic restitic lower crust by sinking through the original lithospheric mantle in Archean cratons requires that the lithospheric mantle was relatively hot and ductile (above 600-800 °C based on inferences from earthquakes (Chen and Molnar, 1983)).   This inference of higher temperatures is consistent with modeling of late Archean thermal gradients in the Kaapvaal craton which predict temperatures at 40 km depth that were between 630°C and 1010°C for a basal mantle heat flux between 0 and 20mW/m2 (Gibson and Jones, 2002) and with estimates of thermal gradients of 750-1350°C/GPa from Meso- to Neoarchean metamorphic rocks (Brown, 2007).  Today the temperature at 40 km depth (i.e. Moho depth) is about 350-450°C (Artemieva and Mooney, 2001).  The ductility of the lithospheric mantle and the loss of dense lower crust would have smoothed the Moho boundary, while the upper crust maintained the evidence for multiple cycles of deformation and evolving magmatic activity.  
Earlier workers had a problem with large-scale delamination of basaltic-ultramafic lower crust because the ages of Archean mantle lithospheric roots were found to be approximately the same as that of the oldest granites (Pearson et al., 1995; Pearson, 1999; Shirey et al., 2004) implying that the cratonic crust and mantle formed at the same time.  The ages of the lithospheric roots, however, are model ages, with potential errors of ±100 million years.  Furthermore, gravity models of the Superior, Yilgarn and Pilbara cratons find that most of the mass excesses (greenstone belts) are confined to the upper crust (Peschler et al., 2004; Nitescu and Cruden, 2006) and seismic reflection data across greenstone belts confirm this conclusion (Drummond, 1988; de Wit and J.Tinker, 2004).  Many greenstone belts are younger than surrounding granites and/or high grade metamorphic rocks (Hamilton, 2007).   Finally, much less than half of the surface area of Archean cratons is composed of greenstone belts (DeWit and Ashwal, 1997). These observations coupled with seismic inferences of a silicic to intermediate lower crust imply that Archean greenstone belts do not have deep roots (Bickle et al., 1994). 
Regardless of whether the lithospheric mantle remained intact during the delamination process, it is clear from the range of ages seen in the granitic suites and greenstone belts of most Archean cratons that crustal development occurred over an extended period lasting hundreds of million years or more, with multiple cycles of basaltic magmatism e.g. the Zimbabwe craton (Wilson et al., 1995).  The earliest basaltic magmatism may have occurred while the crust and mantle were still sufficiently ductile and/or permeable for density differences to dominate crustal tectonics.  Under these conditions, delamination could have occurred a number of times, leading to progressive geochemical evolution of the crust and ultimately the formation of the felsic tonalite-trondjehmite-granodiorite (TTG) suite (e.g. Bedard, 2006).  Regardless of the exact mechanism of cratonization, a multi-stage mechanism for formation of the cratonic crust is likely.  
There are still many problems that remain to be solved.   The contributions of magmatic water and subduction zones to Archean magmatism are still controversial (Parman et al., 1997; Arndt et al., 1998; Berry et al., 2008).  There is a continuing paradox in the preservation of thick Archean lithosphere that is as old as the oldest crust and the apparent need to add significant heat and water to multiple stages of magmatic activity during cratonic evolution over hundreds of millions of years (Schmitz and Bowring, 2003).  Our research can provide constraints, but it cannot solve these problems.  

Inferences and Conclusions
Virtually all (>99%) of the Archean terranes that stabilized prior to 2.9 Ga have a sharp Moho.  Around 67-74% of the Archean terranes that stabilized from 2.8 to 2.5 Ga have a sharp Moho.   This could mean that there was a secular change in the process of the formation and stabilization of continental crust that was concentrated between 3.0 and 2.5 Ga. 
We can explain the lack of a basaltic lower crust in undisturbed Archean terranes by early differentiation of the crust and removal of the dense restite and lower protocrust by sinking through a hotter and more ductile lithospheric mantle (similar to that proposed by Bedard (2006) to explain the formation of Archean TTGs).  The removal of the lower crust and the restite produced a sharp, flat Moho by increasing the velocity contrast between the crust and mantle due to the sinking of dense cumulates at the crust-mantle boundary.   We suggest that the relative flatness of the Archean Moho was produced by removal of basaltic protocrust and restite at the depth of the garnet-in isograd (25-40 km depth, depending on bulk composition and temperature).   The paucity of internal seismic discontinuities and low velocity zones in undisturbed Archean crust is probably the result of the density stratification developed during multiple intrusive events.
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