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Introduction

The purpose of this chapter is to examine two specific questions about the nature of Moho in the oceans:
 1. At what age is Moho created in oceanic crust (and whether the age of formation depends on factors like spreading rate) and,
2. How variable is the crust mantle-boundary that gives rise to the Moho?  

We acknowledge that this is a reduced set of questions that might be raised about the nature of the oceanic Moho but these questions are critical to understanding the nature of Moho in the oceans and can be reasonably addressed with available marine seismic data.  
Specifically, we will examine the nature of the Moho at the base of oceanic crust produced at mid-ocean ridges and so this contribution does not include consideration of Moho in regions such as large oceanic plateaus like the Ontong-Java or Manihiki Plateaus formed by unusually massive volcanism (Taylor, 2006, for instance), and it does not include analysis of oceanic island chains like the Hawaiian Islands or Marquesas that are created by hot-spot processes.  The ridge environments we study are those present in major ocean basins and not back-arc basins.  
We will discuss what evidence there is for differing characteristics of Moho formed at ridges producing crust across a range of spreading rates and the nature of changes that can be observed in association with ridge segmentation such as fracture zones, overlapping spreading centers and smaller discontinuities.  We will also comment on changes with respect to crustal age.  The primary data type we will examine is multi-channel seismic reflection images and so we are commenting on the nature of the so-called “reflection Moho”.  We use evidence from seismic refraction studies in a supportive way where those data are coincident with reflection data.  Methods for acquiring these types of data are well known and are described for instance in Sheriff and Geldart (1995), Jones (1999) or Mutter (1986).  
To our knowledge no seismic study in the oceans has aimed specifically at investigating the oceanic Moho.  Many have focused on the formation of oceanic crust in the near ridge-crest region and considerable attention has been given to the role of magma systems and especially the axial magma chamber (AMC) in processes of oceanic crustal formation.  These studies typically provide images of Moho but the geographic distribution of observations is often very tightly focused around the ridge axis and so encompass crustal ages to at most a few million years.  Some images of Moho from studies of older regions of oceanic crust produced at both slow and fast-spreading centers are also available and these will be discussed as well.  Additionally, some very distinct images are available from studies of subduction zones.  

The distribution of observations of oceanic Moho is sparse and irregular.  An ideal set of experiments designed specifically to examine the nature of the oceanic Moho would have a far different distribution of observations from what is presently available for study.  The available set of observations was made over a period of several decades.  Comparison of observations from early to more recent data (some of which reoccupy the same sites) is made difficult because during this period there has been considerable evolution in seismic airgun sources from simple so-called unturned arrays to large tuned arrays.  Similarly hydrophone arrays have advanced from relatively short (2.4 km) analogue streamers to the present arrays that record many more channels (>200) at finer spacing over much greater offsets (> 6 km) and in digital format.  Seismic reflection and refraction observations form largely independent data sets with relatively few coincident observations.  These uneven characteristics of the available data substantially limit our ability to draw generalizable conclusions on the nature of the Moho boundary and prompts us to restrict the questions posed to the two described above.

Early observations at the East Pacific Rise

The first multi-channel seismic reflection images of Moho at the base of oceanic crust that we are aware of were obtained in June 1976 on the East Pacific Rise (EPR) between 9°N and 10°N by Herron et al (1978, 1980) and described further by Stoffa et al (1980).  These observations have been cited numerous times in the literature and formed the essential basis for several studies that followed in the 1980s and 1990s (see below). 
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Figure 1.  Early observations of reflection Moho at the East Pacific Rise from RV Conrad in 1976.  Figures 1a and 1b from Herron et al (1980) and 1c showing Line 17 in Fig 1a from Stoffa et al (1980).  

The Moho, often designated the M discontinuity in papers from that period (as in Figure 1b) was a distinct high-amplitude event in reflection response throughout and was also readily observed very close to the axis of the ridge where a magma chamber reflection could also be observed (R4 in Figure 1b) in the upper crust.  Herron et al (1980) made most emphasis of this latter observation and suggested that Moho was “formed immediately under the magma chamber, at about 6 km below the seafloor, presumably by gravity settling of crystals from the melt”.  At the time these first images were made it was widely believed from studies of ophiolites and from seismic refraction studies (Herron et al reference Cann, 1974 and Orcutt et al 1975, 1976) that the magma chamber beneath the ridge was very large, extending several kilometers away from the ridge crest.  The observation of Moho in reflection images very close to the ridge axis therefore suggested that Moho was fully formed within the large magma chamber itself.  R4 was thought to represent the very top of the magma body whose sides were not visible in the images perhaps because they were either too steep or that its boundary with the solid crust was gradational, the latter being the preferred explanation.
Designation of the M reflection as the boundary between crust and upper mantle, as is necessary to consider the event to be Moho was based on fairly tenuous associations with the velocity structure of the crust as it was known at the time.  Stoffa et al (1980) describe the result from one sonobuoy refraction station (C116 20) that shows post-critical wide-angle events that give two-way time to a layer with 8.0 km/sec velocity that coincides closely with the M event on line 25 (their figure 4).  A number of other sonobuoy experiments were made that show mantle arrivals at around the same two-way time as typical M reflection but none are at the locations coincident with observed M reflections.  Orcutt et al (1975, 1976) had reported the presence of a broad low velocity zone beneath the EPR at this location and their observations also derive Moho depths that are roughly similar to those implied by the observations from reflection events.  Compilations of refraction data from oceanic crustal settings such as that of Rosendahl et al (1976) clearly implied that the oceanic crust was expected to be around 6 km thick and the observed M event matched that depth to a good approximation.  

The acquisition system used to obtain these images comprised a 24 channel analogue streamer (digitization occurred on board the vessel in the recording system) with a maximum offset of about 2.4km (100 meter groups).  Processing employed relatively simple approaches using software developed at the Lamont Doherty Earth Observatory and the images shown were derived from 24-fold CMP stacks.  Stoffa et al (1980) show pre-stack migrated gathers in which the M event is very clearly visible at zero source-receiver offset but the gathers have insufficient offset to establish if reflection amplitude changes appreciably with offset.  The clear implication is that, at least in this region, the Moho must be formed by a relatively sharp interface and that there is also relatively little change in structure of Moho as the ridge crest is approached.  One profile (Line 17 in Stoffa et al, 1980, their Figure 2b) actually appears to show the Moho continuing beneath the ridge crest without interruption.  
One important question that concerned the authors of these early studies, and remains an important question today is whether the crust is created at its full thickness immediately beneath the axis.  Although Herron et al note that two-way travel time within the crust increased significantly on one line (17) and slightly on the other two, they did not speculate on the implications for thickness changes suggesting that either the crust thickened toward the axis or that crustal velocity decreased (though they do not refer to the results of Orcutt et al who described low velocities in the crust in the axial region).
The major limitation to inferences made concerning the nature of the oceanic Moho from these data is the airgun sound source that comprised four identical guns, each of 466 cubic inches.  The time-domain source signature (Figure 2a) exhibits a series of strong bubble pulses that repeat at regular intervals of about 100 milliseconds for a tow depth of 12 meters (Dragoset 1984 gives a discussion of the nature of bubble pulse reverberations).  These pulses progressively diminish in amplitude but the first two are usually very strong and can be observed in the Moho images (at shallower depths as many as six bubble pulse reverberations can sometimes be seen in the images).  Additionally the primary airgun pulse associated with the initial discharge produces a relatively low-frequency signal.  The total spectrum of the source peaks at around 10 Hz.  Because of this the transition from crust to mantle can occur over as much as 500 meters and create a vertical incidence response that is indistinguishable from that of a step interface.  Any fine-scale structure within the transition zone such as might be associated with alternations in composition would similarly be undetected.  Brocher et al (1985) investigated the vertical incidence seismic response of geological sections obtained from the Bay of Islands and Somail ophiolite and concluded that the most distinct seismic reflection event could equally lie at the top or the base a transition zone between the crust and upper mantle.   That is, the event seen in reflection profiles typically described as Moho may actually lie within the lowermost crust.  
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Figure 2. Modeled far-field signatures and associated amplitude spectra for the main airgun arrays mentioned in the text, used in surveys of the oceanic crust since the late 1970’s. (a) Conrad 4x466 cu inches array towed at 12 m depth (b) Conrad quasi-tuned 4-gun 1785 cu inches array towed at 10.5 m depth (c) Conrad 10-gun 4890 cu inches array with gun depths varying according to volume, between 6-13.5 m (d) Ewing 20-gun 8385 cu inches array towed at 9 m depth (e) Ewing 10-gun 3005 cu inches array towed at 7.5 m depth (f) Langseth 18-gun 3300 cu inches array towed at 7.5 m depth. Far-field signatures (a) to (e) were computed by the late J. Diebold.

These considerations notwithstanding, the strong, relatively simple and almost invariant nature of the Moho in these early images of the East Pacific Rise is fairly remarkable.  Although Herron et al (1980) suggest that the Moho near the ridge axis underlies a broad magma body, the largely invariant nature of Moho from the flanks of the ridge to distances very close to the axis actually argues against such an interpretation as it is reasonable to expect that some change in the reflection signature would occur when the Moho lay beneath a low velocity magma body compared to its response at the base of the solid crust.   The observations actually argue more persuasively that the magma body is very restricted in extent, as many later studies would confirm (Detrick et al, 1987; Kent et al, 1990, 1993 a and b).  

Second generation 2D studies
East Pacific Rise
The results of imaging on the East Pacific Rise in the late 1970’s gave rise to a series of studies of the same region of the EPR and areas to the north and south on the ridge using progressively improved acquisition systems and data processing.  These expanded the extent of Moho observations and lead to some further insights into the nature of the crust-mantle transition.  
[bookmark: _GoBack]In 1985 more extensive coverage of reflection imaging was obtained in the 9° N area of the EPR first studied by Herron et al (1978, 1980) as well as in the 13°N area (Detrick et al 1987).  Data were obtained on the southern EPR from 14° to almost 20°S in 1991 (Detrick et al, 1993) and in 1995 on the northern EPR centered at around 16°N (Carbotte et al, 1998).  Acquisition parameters for these studies and the original study in 1976 are given in Table 1.
The first two investigations used essentially identical un-tuned arrays of only four airguns.  In addition during the 1985 investigation some data were acquired with a so-called quasi-tuned array of four guns (Figure 2b).  The second two investigations employed arrays of multiple guns of differing volume that achieved some measure of signature tuning (Figure 2d,e).  Although the array used for the 1991 survey was the largest, comprising 20 guns totaling more than 8,000 cu inches, this array was actually built of four almost identical 5-gun sub-arrays (volumes approximately 145, 250, 350, 520 and 850 cu inches) and hence tuning could only be partially achieved.   The array used in the 1995 study was made up of a single array of 10 guns and is the first truly tuned array to be used on a Lamont vessel.  The earlier data were acquired with a 2.4 km analogue streamer and the latter data with a 4.0 km digital streamer having 160 recording channels.  Digital streamers have considerably improved noise characteristics over analogue streamers and the greater sampling density permitted considerably enhanced data processing compared with the earlier studies.   

	1976 RC 2002              9°N
	1985 RC2607        9° and 13°N
	1991 EW9102    14-20°S
	1995 EW9503 16°N

	Vessel: R. D. Conrad
Streamer: 24 channel analogue, 100 m groups.
Source: 1864 cu inch total in 4, 466 cu inch airguns. 
	Vessel: R. D. Conrad
Streamer: 48 channel analogue, 50 m groups.
Sources: a) 1864 cu inch total in 4, 466 cu inch airguns.  b) 4-gun array of 235, 350, 500 and 700 cu inch volumes; total 1785 cu. inches
	Vessel: Maurice Ewing
Streamer: 160 channel digital, 25 m groups.  
Source: 20-gun array total 8385 cu inches in four approx equivalent sub-arrays.  Also fired as 10-gun 4190 cu inch array on some lines
	Vessel: Maurice Ewing
Streamer: 160 channel digital, 25 m groups.
Source: 10-gun array total 3005 cu inches.  



Table 1 Airgun source parameters used in studies of the East Pacific Rise 

In principle, the different airgun sources used in the four generations of investigations should provide images of the Moho at different and presumably improving levels of resolution.  The greater volumes and hence energy level of the gun arrays used in the 1990’s should also largely overcome issues of variability in Moho response that might be attributable to attenuation in the overlying crust.  There are significant caveats to this.  Energy output from airgun arrays does not scale linearly with total array volume.  The output of any airgun is scaled to the cube root of the individual gun chamber size and hence a high multiplicity of small guns has greater output power than a single gun of the same total volume (Parkes and Hatton, 1986 and Dragoset, 2000).  Compared to the 1976 array, the 10-gun array used in 1995 achieved a doubling of power output for a total volume increase around 60%.  Although in the 1991 array the total volume increased by almost 4.5 fold the source only achieved a comparable 4.6 fold increase in power output over the 1976 array.  Each of the four sub-arrays in the 20-gun array produced only 16% more power than the 1976 4-gun array.  

The most comprehensive study of the Moho at the EPR was reported by Barth and Mutter (1996) who studied its reflection response using data from the 1985 and 1976 surveys with the purpose of mapping oceanic crustal thickness in the 9°N and 13°N regions of the EPR (Figure 3).  The spreading rate in this area is typically described as fast at over 100 mm/yr.  The surveys comprised a set of lines that crossed the axis approximately normal to the trend of the ridge and lines that attempted to run exactly along the ridge axis. 

	
	




Figure 3.  Areas studied by Barth and Mutter (1996) to assess crustal thickness variations in the ridge flanks of the East Pacific Rise.  The heavy bars identify line sections where Moho was identified.  The triangle symbol indicates areas where the Moho is shingled (Figure 3).  

They were able to identify a clear Moho event on about 46% of the lines in the survey (55% in the southern area and 30% in the northern area).  Moho appeared very similarly to the earlier images of Herron et al (1978) in images in profiles shot with either the untuned or quasi-tuned array.  In particular the observation of a Moho event very close to the AMC event at the ridge axis is seen in the 1985 data, reinforcing the conclusion of Herron at et (1978) that Moho in oceanic crust here is created in the axial region at or very close to zero age.

The Moho reflection response is quite variable ranging from a very distinct, clear event to weak and difficult to recognize.  In places it is described as having a complex “shingled” appearance (Figure 4), a term used by Kent et al (1994) to describe events in the 1991 data from the Southern EPR collected a similar line spacing.  The shingled events were observed on only about 5% of the line coverage.  In many places a Moho event is lacking.  Observations made using the quasi-tuned array of airguns did not produce more commonly observed Moho reflections, nor did that source produce significantly better resolution at the Moho level. 

Figure 4.  Examples on Moho events described as shingled in Barth and Mutter (1996).  The upper panel is a stacked section and the lower is migrated.  

The absence of a Moho event or reduction in its strength and clarity (and perhaps even the shingled appearance) may be caused either by changes in the interface at the base of the crust such that it lacks sufficient contrast to produce a simple vertical incidence reflection or by conditions in the crust above the Moho that would prevent it from being imaged.  Scattering by the seafloor and in heterogeneous layers immediately beneath (in seismic Layer 2A, for instance) and/or absorption of energy in the crust could both reduce the energy available at Moho depth and inhibit imaging.  A number of lines of evidence suggest that this is probably not the primary cause of the absence of a reflection Moho and its change in character.
First, Barth and Mutter (1996) note that the character and strength of the Moho is not a simple function of crustal two-way travel time.  In places where the crust is greater than 2 seconds thick the Moho is often stronger than in places where it is considerably thinner (Figure 5).  In fact, the observations more readily support an interpretation in which thicker crust in general exhibits a more distinct Moho reflection than thinner regions.  
[image: Description: Screen shot 2012-06-19 at 7.22.51 PM.png]
Figure 5.  Examples of Moho observed at the base of crustal sections of differing thickness (as represented in two-way time) from Barth and Mutter (1996).  Note that the Moho is not less distinct at the base of sections that are greater in thickness. 

If absorbing conditions in the crust were reducing the level of energy at the base of the crust the opposite relationship would be expected.  Furthermore, to the extent it is possible to determine from data of this vintage, the character of the Moho reflection is largely unchanged as the crust thickens (in two-way time).  It does not obviously broaden as one might expect through the effects of attenuation in a thicker crustal section.  Second, although the roughness of the seafloor topography does vary in the region there is no systematic relationship between seafloor characteristics and Moho character that can be recognized at this scale of observation.  There may well be significant variations in properties of seismic Layer 2A for instance that we do not have information on from these data.  
Thirdly, we observe very marked asymmetries across the east and west flanks of the ridge in data obtained along crossing that follow a spreading flow line.  
[image: Description: Screen shot 2012-02-25 at 12.43.48 PM.png]
Figure 6.  Example of highly asymmetric Moho on opposite flanks of the East Pacific Rise. From Barth and Mutter (1996).

In Figure 6 reflection Moho is very clearly observed on the eastern flank of the ridge and is very indistinct on the western flank though there is no discernable difference in the seafloor appearance between the two flanks.  The AMC also appears asymmetric and we cannot rule out that in the near axial region Moho is shadowed by the AMC, but the Moho is indistinct well west of the AMC suggesting that the difference in reflection Moho across the flanks is developed to a large extent at the level of the crust-mantle interface.  

In many of the profiles described by Barth (1994) and Barth and Mutter (1996), reflection Moho is mapped beneath the ridge crest and is observed immediately adjacent to the AMC, and even beneath it in one profile at 12° 53’ N located near to the profile described by Herron et al (1978) that also appeared to show Moho continuous beneath the ridge.  We noted above that observation of a Moho reflection largely unchanged in appearance between the ridge flanks and where it appears immediately adjacent to the AMC event argues that the magma chamber itself must be relatively narrow.  The 1985 study included a suite of measurements of crustal velocity profiles using two-ship Expanded Spread Profiles (ESPs) that confirmed that velocities low enough to be associated with liquid magma were indeed confined to a narrow region largely beneath the AMC event seen in reflection images (Vera et al, 1990, Harding et al, 1989).  These observations suggest that Moho is not created at the base of a large magma chamber as Herron et al (1978) suggested but that it emerged immediately on the flank of a narrow region beneath the upper crustal magma body.  

The ESP experiments at 9°N and 13°N also determined the broader velocity field beneath the ridge flank and showed that the very low velocity region associated with the AMC was enclosed within a broad region of velocities significantly lower than those typically associated with normal oceanic crust.  Where the Moho appears to first emerge immediate adjacent to the AMC these studies show that the bulk of the mid to lower crust is more than 1 km/sec slower than in mature crust on the ridge flanks.  This decrease in crustal velocity would be associated with an increase in travel time to the base of the crust of at least 200 milliseconds yet the travel time to reflection Moho in the crust appears to be almost invariant.  The broad low-velocity region does not appear to impart any effect on the reflection Moho in the region of the ridge crest.   

Southern EPR
Kent et al (1994) describe results from reflection imaging from the TERA experiment of 1991 in a region of the southern EPR that is characterized by very uniform expressions of crustal accretion as observed in features such as seafloor morphology, depth and character of the AMC.  The line spacing and survey layout were similar to the northern EPR studies and the areas of specific focus were at 14° 15’ S, the OSC at 15° 55’ S and another area at 17° S. The acquisition system had been upgraded compared to the 1985 survey and comprised a 20-gun array (4 sub-arrays of five guns) and digital recording streamer that was 4 km in length and a recorded 160 channels at 25 meter spacing.  
Despite the improvements in acquisition systems and the higher quality of imaging that that permitted, images of the Moho were obtained over approximately the same percentage of the area covered as were described by Barth and Mutter (1996) from the northern region of the EPR using much simpler data acquisition and processing (Figures 7 and 8). 
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Figure 7.  Line drawings of migrated sections from the southern East Pacific Rise indicating the extent of Moho observations from Kent et al (1994).

Kent et al (1994) also describe essentially the same nature of variation in Moho character that Barth and Mutter (1996) observed using the same descriptors  --  diffuse/absent, shingled and distinct/impulsive. 

[image: Macintosh HD:Users:john:Desktop:Screen shot 2012-08-28 at 8.29.34 AM.png]
Figure 8.  Differing expressions of Moho recognized by Kent et al (1994).  

The spreading rate in this southern region of the EPR is > 150 mm/year while at the northern area studied by Barth and Mutter (op cit) it is around 110 mm/year.  Similar to the northern area Kent et al (op cit) note that Moho is often present very close to the ridge axis and that the travel time in the crust is very uniform as previous studies had also shown.  They also note that Moho does not change character beneath the broad low-velocity zone deduced from refraction studies.   Spreading rate differences in this range (~30%) at these relatively high rates therefore appear to have little qualitative influence on Moho character.   

Juan de Fuca Ridge 
Seafloor spreading on the Juan de Fuca Ridge takes place at the intermediate rate of around 50 mm/yr, approximately half that of the region described by Barth and Mutter (1996) and one third that described by Kent et al (1994).  Reflection images were obtained in 2002 from R/V Ewing using a 6 km-long, 480 channel Syntron digital streamer with receiver groups spaced at 12.5 m and a 10-element, 3005 in3 tuned airgun array (Figure 2d).  These data have been described by Nedimovic et al (2005) and by Canales et al (2009).  Both papers focus most of their attention on deep magma lenses in the lower crust and uppermost mantle but do include images of Moho and discussion of Moho’s appearance.   
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Figure 9. Characteristics of the Moho event produced at the Juan de Fuca Ridge described by Nedimovic et al (2005).  Colors correspond to the strength of the Moho event: strong Moho reflection (dark blue); moderate Moho reflection (bright blue); weak Moho reflection (green); no Moho reflection (white).  Thick red and orange line segments mark sections characterized by sub-Moho reflection events.  Sub-Moho events are seen in the lower panel on the right and these are described as “frozen magma lenses” beneath the crust.  


Imaging on the flanks of the Juan de Fuca Ridge gains some advantage from the sediment cover that reduces the impedance contrast with the igneous crustal section compared with areas where the seafloor is unsedimented and scatters energy.  Nedimovic et al (2005) observed Moho events along 60% of the track lines, only a little more than the 55% observed Moho described by Barth and Mutter (1996) for the faster spreading EPR.  They classified the strength of the event into several categories and noted that in many places the event was very strong and simple in character (Figure 9).  

The data described by Nedimovic et al (op cit) come from sections of lines 50 to 100 km from the ridge crest or roughly 2 to 4 Ma in age.  Canales et al (2009) describe observations from the same data set in the region of the ridge axis and immediate flanks and also describe very strong Moho events (Figure 10, upper panel) in addition to intra-crustal melt bodies (labeled LCML below).   
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Figure 10.  Upper panel shows migrated images of the near axis region of the Juan de Fuca Ridge showing clear Moho events (M) and a lower crustal melt lens (LCML) from Canales et al (2009).  In the lower panel from the same paper are contoured crustal two-way travel times (the green dots show the actual picks along survey lines and the dashed line is the ridge axis.  
They provide a map of crustal two-way travel time shown in the lower panel of Figure 10 that display a gentle increase in travel time toward the ridge crest with a very large increase associated with the lower crustal melt lens much as Han et al (2011) describe from 3D data on the EPR that exhibit an off-axis melt lens in the mid-crust (see below).  Like on the much older flank areas of the ridge Moho in the near ridge region can be quite strong and simple in expression.  And as seen at the EPR Moho is not recognized immediately beneath the axis.  There is typically a gap of not less than about 3 km and as much as 10 km beneath the axis where Moho cannot be identified. 

North Atlantic Mesozoic aged slow-spreading rate crust.  
Approximately the same acquisition layout as the 1985 survey at 9° and 13°N on the EPR was used in 1987 to study crustal structure in the western north Atlantic (Figure 8). There, the crust is 138-155 Ma old and was produced at a spreading rate of about 15 to 26 mm/year, almost a tenth that pertaining to the southern EPR described above (White et al, 1990; Morris et al, 1993).  This was the first acquisition on a ridge system to use a digital streamer (Digicon DSS 240, 3 km active length, 240 channels).  The airgun source was the most advanced deployed from Lamont-Doherty’s RV Robert D Conrad and comprised a 10-gun array (Figure 2c) with chamber sizes that were changed for reflection and refraction experiments (Diebold, 1987).  For the latter the total volume was 4864 cu. Inches.  

Part of the motivation for the 1987 cruise came from results obtained on a long transect across the region in 1981 conducted as a 2-ship wide aperture experiment (Mutter et al, 1984; NAT Study Group, 1985; McCarthy et al, 1988).   The Transect is labeled NAT 15 in Figure 11.  
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Figure 11. Regional location and tracks for the 1981 North Atlantic Transect (Designated NAT) and the investigation of the Blake Spur Fracture Zone area in 1987.  

Much of the discussion in papers from both studies focuses on the internal structure of the crust and on a set of complex dipping events in the lower crust that frequently intersect the Moho.  As with the Juan de Fuca images described above, considerable advantage is gained by the presence of a thick sediment cover throughout the region that mutes the scattering effect of the crustal topography.  At the Mid-Atlantic Ridge in the MARK area Detrick et al (1990) showed that no AMC event could be imaged in 2D reflection data obtained in 1989 with a 96-channel digital streamer and a source array of over 5,000 cu inches.  Weak reflection events were observed within the crust and at the expected travel time of Moho but Detrick et al (op cit) were unwilling to identify them as Moho events.  
The Moho event in the Blake Spur area was initially described as being quite continuous and fairly simple in expression in the NAT data (NAT Study Group, 1985) where it was possible to construct stacked section from offsets up to 9km (Figure 12).  These images of Moho are at least qualitatively quite similar to images from the EPR described above.  
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Figure 12.  CMP Stack constructed from two-ship wide aperture data from the North Atlantic Transect (NAT) covering about 60 km of the transect.  Moho is between 10 and 11 sec.  From NAT Study Group (1985).   

Further processing of these data by McCarthy et al (1988) suggested a more variable and complex Moho. In some images the Moho event was relatively simple and distinct, not unlike observations from fast-spread Pacific crust, but in most instances the Moho appeared much more complex and variable than in the regions near the East Pacific Rise (Figure 10) and the difference has generally been attributed to the great differences in mid-ocean ridge processes that occur at such different spreading rates (for instance Mutter and Karson, 1992).  Reflections from within the crust attracted considerably more attention than the Moho itself.  Most authors have concluded that these features derive their origin from tectonic rather than magmatic processes at the mid-ocean ridge.  Slow-spreading ridges are much more tectonically active than fast-spreading ridges with large-scale faulting extending to considerable depth in the crustal section as evidenced by exposure of deep plutonic and mantle rocks in slow spreading environments.  This considerable difference in ridge processes at fast and slow ridges provides a first-order explanation for the considerable difference in imaged structure seen in Figure 13 compared with those in Figures 1 and 3 to 8.    
[image: ]
Figure 12.  Images of the deep levels of the crust and Moho region in the western North Atlantic from Morris et al (1993).  Note that the vertical scale here has been converted to kilometers.  

These differences notwithstanding the total thickness of the oceanic crust and its average seismic velocity structure as revealed by wide-angle refraction experiments conducted as part of the same research program in the Blake Spur Fracture Zone region (Minshull et al, 1991) is not substantially different from that observed for fast-spread crust.  The crust-mantle boundary often appears as a sharp interface despite its often-indistinct expression in reflection images.  The reason for this apparent inconsistency is not resolvable with available data.  

Third generation studies: 3D images  
Only three studies of young oceanic crust using 3D seismic acquisition techniques have been made and the two main ones (Kent et al, 2000; Singh et al, 2006; Mutter et al 2009; Canales et al, 2012) are in regions of the EPR where results from 2D surveys had provided a well-defined basis for these focused experiments.  These experiments did not specifically target the Moho for study but aimed to investigate crustal accretion processes at the EPR that included formation of the Moho as integral to that broad objective.  

Several studies have also imaged Moho at convergent margins, some providing very clear reflection images.  These studies have been directed at the tectonic structure and processes in the accretionary prism of the subduction zone.   They have focused on issues of serpentinization of the mantle and the examination offsets of the Moho related to thrust faults through the crust that may eventually lead to crustal obduction (Bangs, pers comm., 2012).  

The first EPR 3D study was conducted in 1997 from the RV Maurice Ewing and examined the distribution of melt in the upper crust in the overlapping spreading center (OSC) at 9°03’ N (Kent et al, 2000).  The data were acquired along 201 sail lines spaced at 100 meters and provided 3D coverage in an area 20 by 20 kilometers.  The airgun source used was the 10-gun tuned array of 3005 cu inches.  Kent et al’s (op cit) description of the results focuses on the distribution of melt in the upper crustal melt lens and does not discuss Moho reflections.  The same data were analyzed by Singh et al (2006) who applied different and/or additional processing steps to the data (binning using natural bin size, water-velocity dip move-out and stacking of the entire 3 km offset range at Moho two-way time) designed to enhance images of deeper parts of the section and revealed Moho events (Figure 13).  

The important observation that Singh et al (op cit) make is that Moho can be observed immediately beneath the eastern propagating limb of the OSC (the western limb is retreating) in an area where the AMC is strong.
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Figure 13.  Images from the ARAD 3D survey described by Singh et al (2006).  The critical observation is the presence of a Moho event beneath the eastern limb of an overlapping spreading center where a strong AMC event can be observed at the same location.  This example is one of only two cases where Moho has been observed beneath an AMC event.  

Further, they show that the thickness of the crust as defined in vertical incidence reflection time is anomalously large in the regions where they see the Moho beneath the melt lens.  This is consistent with the observations made by Barth (1994) and Barth and Mutter (1996) using second-generation 2D data that Moho reflection strength and character does not decrease with increasing crustal thickness (although they do not describe Moho events beneath a melt lens).  The 1997 data exhibit the same characteristic that the Moho reflection beneath thicker crustal sections is neither weaker nor of a broader temporal extent than that beneath considerably thinner crustal sections.  The implication is that additional thickness of crust does not attenuate the signal in an easily detectable manner.  This is the case for signals with a spectral peak at ~ 8-10Hz (Conrad source reported by Barth and Mutter and Ewing source reported by Singh et al).    

One potential explanation for the lack of obvious effects on the Moho of increasing crustal travel times is that the crust is actually no thicker where the vertical travel times are greater but instead has a reduced average velocity requiring greater travel times for the same thickness.  Barth and Mutter (1996) discussed this possibility and concluded that the velocity variations required to keep the crust at constant thickness would be unreasonably large.  The results from the UNDERSHOOT experiment (Canales et al, 2003) indicate that the crust is indeed thicker immediately north of the 9°03’ OSC, though not as thick as was concluded by Barth and Mutter (op cit).  

Another possibility is that the increase in oceanic crustal thickness occurs within regions of the crust that are not strongly attenuating.  It is well known from logging data that the upper oceanic crust is much more attenuating than the lower crust (Guerin et al 2008) so that variations in thickness that occur in upper crustal layers would have much more effect on the attenuation of energy than those that occurred in the lower crust.  Mutter and Mutter (1993) showed that the great majority of regional-scale thickness variations in oceanic crust was accomplished in the deeper layers and thus may not impart a great deal of change to seismic energy propagation.  

Singh et al’s (2006) critical observation is that Moho can be observed immediately beneath the AMC (Figure 13), an observation that is almost unique in the regions of the East Pacific Rise that have been studied in any detail.  Given that the unusual observation is associated with an OSC it is reasonable to ask whether that particular setting gives rise to a special set of circumstances that would permit Moho to be observed in this unusual configuration.  Singh et al (op cit) acknowledge that one possible explanation for their observation is that the ridge is propagating into existing crust (the observation is associated with the propagating limb of the OSC) so that the Moho observed may have been created earlier and not associated with the same processes that produced the present-day AMC.  Using observations of the “Moho gap” associated with the ridge axis, Barth (1994) noted in the 2D data from 1985 that OSCs at both 9°03’N (the ARAD area) and a smaller feature at 12°54’ N both showed unusually skewed relationships between the AMC and deeper levels of the system.  In both regions the axial “Moho gap” diverges away from the axial topography and the AMC, thus causing the gap to be present beneath the ridge flank and the AMC to overlie a distinct Moho event.  Though the data available to Barth (op cit) were much more limited than the 3D data available to Singh et al (op cit) they raise the possibility that the observation of Moho beneath an AMC event may not indicate that Moho formed at zero age but that tectonics associated with the OSC create a unique setting in which this association can occur.

The most recent 3D data was acquired on the East Pacific Rise centered at 9°50’N (Mutter et al, 2009) and used a 4-streamer, hydrophone array each 6 km long and carefully tuned airgun source comprising two sub-arrays of ten guns (9 active and one spare) producing a broad-band source with a very high peak-to-bubble ratio (Figure 2e).  This is the highest quality data available thus far for any mid-ocean ridge and is being analyzed by groups at Lamont-Doherty Earth Observatory, Woods Hole Oceanographic Institution and Dalhousie University.  The first paper (Canales et al, 2012) described off-axis melt lenses (OAML) that proved to be far more extensive than had previously been appreciated.  Moho is not recognized beneath these lenses in a way that mimics the absence of Moho beneath the AMC in the axial region.  The off-axis features, though relatively small, nevertheless show a distinct effect on the Moho event in the adjacent region causing it to deepen (in travel time) and become more complex (Han et al, 2011).  In the same region the AMC causes a relatively small increase in Moho event time.  This result mirrors that described by Canales et al (2009) where a lower crustal melt lens on the ridge flank the Juan de Fuca Ridge was observed to significantly perturb crustal travel times.

Aghaei et al (2011) have studied the nature of the Moho and changes in crustal thickness in the region of 3D reflection coverage.  They note that Moho characteristics (and crustal thickness) are asymmetric with respect to the ridge flanks and variable along the azimuthal direction of the ridge.  Moho reflection character is described as varying from “strong” to “moderate to weak” and can disappear as much as 9 km from the axis on both flanks of the ridge, though not symmetrically.  These observations extend the observations made of Moho variability by Barth and Mutter (1996) and Kent et al (1994) to a much finer spatial scale.  The range of Moho character changes, from strong to absent is largely the same as described from sparse 2D data that permitted analysis to spatial scales of a few kilometers and suggests that variations of the is nature of Moho occur at spatial scales below a kilometer.

Discussion and conclusions

Our objective was to address two questions – the age of formation of the Moho and the nature of its variability.  We can conclude the following:
Age of formation.  
Where observations are available at the fast spreading East Pacific Rise Moho is seen to form very close to zero age.  No comparable observations are available at slow-spreading or intermediate-rate ridges.  Except in a small number of cases associated with overlapping spreading centers on the EPR there are no observations of Moho exactly beneath the ridge crest.  A plausible explanation is that the very strong reflectivity of the axial magma chamber effectively shadows reflections from any structure beneath.  Moho may therefore be present but unobservable.   

A counter-argument that would imply that Moho is actually not fully formed in the axial region where it is not imaged comes from two observations.  One is that the width of the “Moho gap” (the area near the ridge where Moho is typically absent) is much broader than the width of the AMC.  The latter is rarely more than 1 km wide while the gap as described both by Barth (1994) from 2D data with rather simple processing and by Aghaei et al (2011) from 3D data with extensive processing is 3 to 9 km in width.  The gap is often asymmetric with Moho seen to be closer to the axis on one flank of the ridge than the other.  Further, though Singh et al’s  (2006) interpretation that the Moho present beneath the melt lens in the ARAD area is a zero age feature may be open to question, it remains that the Moho is visible beneath the AMC there and hence the shallow magma body does not act to shadow the Moho event at this location.  In general, discussions of the shadowing effect of the AMC on deeper events have been much more qualitative than analytic and the actual effect of the AMC on imaging deeper events including Moho have not been established. 

We noted above that one of the very earliest observations at the EPR by Herron et al (1980) was that the Moho event could be traced essentially uninterrupted beneath the EPR axis.  Though subsequent studies have shown that a gap in Moho beneath the actual ridge crest is an almost ubiquitous feature, what remains curious is that Moho does not appear strongly affected in travel time or reflection character by the presence of the broad low-velocity zone (LVZ); this low-velocity region is typically interpreted to imply the presence of a wide zone of “mush” where the solidifying crust is still permeated with liquid melt that diminishes in fraction with distance from the axis.  This reinforces the implication that Moho is formed very close to the ridge axis at near-zero age.

Conclusion on the existence and nature of Moho at zero age based on seismic refraction and tomography experiments are similarly equivocal.  No definitive information is available on slow-spreading ridges.  Early experiments on the East Pacific Rise described by Orcutt et al (1975, 1976) and Vera et al (1990) observe P-wave velocities of 8 km/sec beneath the ridge axis at a depth below the axis that would imply a crustal thickness not very different (less than a kilometer) from that of older crust on the flanks of the ridge despite the presence of a strong LVZ.  Vera et al’s (op cit) data include one Expanded Spread Profile (ESP5) situated along the ridge crest at zero age. Their velocity solution shows a strong LVZ beneath the AMC but at greater depths a distinct rise to essentially normal mantle velocity across a strong gradient that is very well expressed in arrivals in wide-angle data shot with explosive sources. Amplitude maxima are recorded at 15-18 km and weak but distinct linear arrivals are recorded at greater range with a velocity of 8 km/sec.  ESPs acquired in the same study and in subsequent experiments, as well as OBS refraction and tomographic experiments using airgun sources, generally do not recover arrivals that could be associated with a Moho transition beneath the axial LVZ so these older experiments provide a rare though very limited set of observations on the nature of the crust-mantle transition at zero age.

The available data therefore lead us to the conclusion that no strong interface between the crust and upper mantle exists at zero age but that such an interface has formed within a few kilometers of the ridge axis on fast spreading ridges.  In less than 50,000 years, and considerably less in some places, the interface is not distinguishable in seismic character from the way it appears at great distance from the ridge in crust many millions of years old.  The absence of a vertical-incidence reflection near the ridge may be due to presence of a gradient zone at the base of newly forming crust rather than the presence of mantle with lower than normal velocity.  

Variability of the Moho.
 Moho variability appears very similar in observations from fast, through intermediate to slow-spreading ridges.  In many places well away from the axial Moho gap there are no distinguishable vertical incidence reflection from the crust-mantle region.  There are two explanations.  One is that the Moho interface is quite variable, ranging from a simple step discontinuity to a gradient zone so broad that it does not generate a vertical incidence response.  Seismic refraction experiments show variations in the crust-mantle boundary that could lead to quite different vertical incidence signatures.  

Although this is a very plausible explanation for Moho variability and could be verified by a careful examination of results from coincident reflection and refraction experiments our review of available data for this chapter suggests that there are probably insufficient co-located experiments that cover the appropriate range of Moho variability to unequivocally establish if the observed variation has a primary cause in crust-mantle boundary structure. A more thorough investigation seems warranted.  

The other explanation is that scattering and absorbing properties in the crustal section lead to variable imaging conditions at the Moho level and the variation is therefore apparent and not a real feature of the Moho structure.  Scattering from the very rough and strong interface presented by the igneous crust at the seafloor is potentially a serious problem for imaging deeper structure.  Kent et al (1996) suggested processing techniques using dip-moveout that could collapse scattered energy including from out-of-plane and improve imaging quality and describe some success with the approach (in principle 3D pre-stack migration will achieve the same effect more effectively).   
Arguing against this explanation is that variability in Moho reflection character is quite similar in crust produced through a wide range of spreading rates that are associated with very different upper crustal topographic roughness and hence very different scattering.  There is insufficient information on lateral variations in attenuation properties of the upper crust to be able to correlate those with variations in Moho character.  Where detailed mapping of thickness and P-wave velocity is available for Layer 2A (Harding et al, 1993) that is known to be strongly attenuating there appears to be no very clear relationship between those upper crustal changes and aspects of variability and Moho variability.  

Furthermore, the nature of Moho variability changes little with different airgun sources that have quite different source spectra (Figure 2).  It is reasonable to expect that attenuation in the crust would have different effects on these sources with different source spectra yet this seems not to be the case.  It is also not apparent that improved sources using tuned arrays of multiple airguns have actually provided improved images of the Moho.  It is quite possible that the nature of Moho is such that its reflection response is actually stronger to simple untuned sources rich in low frequency energy, as were first used in the late 1970s than to carefully tuned arrays richer in high frequency energy.  Like the relationship to structure determined from wide-angle experiments these aspects on Moho imaging merit more detailed attention.

Concluding remark
Because we have not attempted to review observations of Moho in ocean basins in a fully comprehensive way the conclusions drawn must be considered as a first assessment.  There is a wealth of observations from experiments in subduction zones and other areas that could shed light on the questions posed, especially the nature of variability of the Moho event.  In many instances seismic reflection and refraction data have been acquired in the same experiments.  We are aware that very strong Moho reflections have been observed in many instances in these experiments.  Similarly, we have focused almost entirely on data obtained by US-funded experiments and European groups that are not considered here have made many other important studies.  We have also not made a completely systematic analysis of those places where seismic reflection and refraction data re available at coincident location.  Such a study is critical to gaining an understanding of the nature of the oceanic Moho.  Sufficient data already exists to make very significant advances.
What emerges from our incomplete review is less a clear answer to even the reduced set of questions we posed than a clear appreciation that further study is needed and that a considerable amount of data is currently available that could inform such a study.
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