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Abstract: Crustal seismic reflection profiling has revealed the presence of extensive, coherent
reflections with anomalously high amplitudes in the crystalline crust at a number of locations
around the world. In areas of active tectonic activity, these seismic “bright spots” have often been
interpreted as fluid magma at depth. The focus in this report is high-amplitude reflections that
have been identified or inferred to mark interfaces between solid mafic intrusions and felsic to
intermediate country rock. These “frozen sills” most commonly appear as thin, subhorizontal sheets
at middle to upper crustal depths, several of which can be traced for tens to hundreds of kilometers.
Their frequency among seismic profiles suggest that they may be more common than widely realized.
These intrusions constrain crustal rheology at the time of their emplacement, represent a significant
mode of transfer of mantle material and heat into the crust, and some may constitute fingerprints of
distant mantle plumes. These sills may have played important roles in overlying basin evolution and
ore deposition.
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1. Introduction

The geometry, composition, and mechanics of crustal intrusions, including sills, have been
subject of numerous field and lab investigations; the associated literature is extensive [1–6]. Although
sills are often observed in surface geological outcrops and thus available for direct sampling [7,8],
their subhorizontal geometry makes them less likely to outcrop than near-vertical dykes, especially if
buried beneath later sedimentary basins. The detection and delineation of magma, especially if still
molten, at depth has been an explicit goal of many geophysical surveys using a variety of techniques,
each with its own strengths and limitations. Gravity, for example, can be used to identify mass excess
or mass deficiency that can be attributed respectively to mafic or granitic materials (molten or frozen)
at depth [9–12]. Magnetotelluric methods have been widely used to detect magma at depth due their
sensitivity to the high conductivities associated with magma and magmatic fluids [13,14]. However,
gravity is notoriously non-unique [15], as are the various electrical methodologies [16,17]. Both offer
relatively limited resolution at depth, especially if the target is a thin planar structure. Seismic methods
using both artificial and earthquake sources have also been widely used to define crustal structure
in general and magmatic additions both hot and cold. Thybo and Artemieva [18]) review many of
the controlled source refraction/wide angle results that have been used to infer massive magmatic
underplating in the crust. Seismic tomography is also now a commonly used tool to search for magma
in all its forms at depth [19–21]. However, even the most recent tomography is limited in spatial
resolution to tens of kilometers [22,23]. A somewhat greater resolution can be achieved using receiver
functions computed from teleseismic recordings. Receiver functions have been interpreted to indicate
an extensive sill beneath the Altiplano-Puna volcanic zone of the central Andes [24,25].
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In many applications, the seismic reflection technique [26], also known as seismic reflection
profiling or multichannel seismic profiling, offers the highest resolution of any geophysical technique.
Seismic reflection surveying, the primary geophysical method used for oil and gas exploration, has
become a highly sophisticated tool for imaging the subsurface in both 2D and 3D at depths ranging
from the near surface to the upper mantle. Oil industry reflection surveys have already had a major
impact on our understanding of the sill distributions in sedimentary basins [27–29].

Here, we focus on published examples of identified or inferred sills in the continental basement
hidden beneath the sedimentary cover, with special attention to frozen sills that may be fingerprints of
ancient thermal processes and the large-distance lateral transport of magma in the crystalline crust.

2. Observations

2.1. Seismic Bright Spots and Magma in the Crust

The starting point for the recognition of sills on seismic reflection recordings is their expected
strong seismic contrast with surrounding rock, as expressed by the reflection coefficient. The reflection
coefficient (RC) for vertically incident seismic waves upon a horizontal interface with density (ρ1)
and seismic velocity (V1) overlying a layer with density (ρ2) and seismic velocity (V2) is given by the
formula [26]:

RC = (ρ2V2 − ρ1V1)/(ρ2V2 − ρ1V1). (1)

While this relation applies to both compressional (P) waves and shear (S) waves, the reflection
data reported here was collected using P waves only. The representative density and P wave velocity
values for rocks most representative to this review are shown in Table 1.

Table 1. Relevant physical properties of representative materials. The velocity measurements
correspond to 200 MPa and the magma measurements correspond to 2000 ◦C.

Material Vp (km/s)
@ 200 Mpa

Density,
kg/m3

RC %
against

UCC
Source

granite-granodiorite 6.246 2.76 0.3 [30,31]

diabase 6.712 2.87 9.3 [30,31]

andesitic magma 2.5 2.45 −46.3 [32] Mt. Hood andesite

basaltic magma 6.243 2.76 −30.6 [32] Columbia River Basalt

Phyllite 6.243 2.76 0,7 [30,31]

Average upper continental crust (UCC) 6.2 2.76 0.0 [31–33]

If a phyllite body in an average upper continental crust (UCC) is taken as representative of
most reflection coefficients encountered in deep reflection surveys, the reflection coefficients for “hot”
sills—silicic or mafic—emplaced in the UCC are an order of magnitude larger and imply that the
corresponding reflection amplitudes would be anomalously strong. With respect to “cold” magmas,
intermediate composition sills are likely to give rise to modest amplitudes at best, while mafic sills would
still be expected to give rise to notably strong reflections compared to the surrounding heterogeneities.

However, the observed reflection amplitudes are affected by a number of factors other than the
reflection coefficient, including geometrical focusing, layer tuning, transmission loss, and anelastic
attenuation [26,29], so that these values should considered as rough guides only. Nevertheless,
a reflection with an amplitude that appears to be anomalously strong compared to its neighboring
reflections could be a candidate for either a still fluid magma (granitic or mafic) or a frozen mafic sill.

The shear wave reflection coefficients from “hot” magma at depth would be expected to be even
larger since shear wave velocities approach 0 in a fluid. Studies in the Rio Grande Rift of New Mexico
by Alan Sanford and his colleagues [34] and at volcanoes in northeastern Japan by Hasegawa and
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colleagues [35] are pioneering examples of detecting and mapping magma at depth using anomalous
reflected shear waves from microearthquake sources.

The anomalous shear wave reflectors at midcrustal depths near Socorro, New Mexico, referred to
as the Socorro Magma Body (SMB; [36]), attracted the attention of the nascent COCORP (Consortium
for Continental Reflection Profiling) project in 1976. COCORP multichannel vibroseis source surveys
then imaged an anomalously strong P wave reflector (called the Socorro Bright Spot) that corresponds
directly with the anomalous S reflector (Figures 1 and 2; [37]). The unusually strong amplitude P
waves from the COCORP controlled source survey (Figure 2) and the anomalous S waves reflections
on microearthquake recordings [34,38] are both consistent with a solid–fluid interface [35,39]. A hot
magma interpretation is also consistent with the tectonic setting—i.e., a Cenozoic rift characterized
by high heat flow—and is supported by MT measurements of high conductivities at mid-crustal
depths [40]. Of particular significance are the geodetic and INSAR observations of contemporary
surface uplift that suggest active magma inflation at the depth of this reflector [41–43]. The receiver
function analysis of teleseismic data [44] confirms that the SMB is a relatively thin layer of magma
corresponding to the seismic reflection bright spot.
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for the sum of raw seismic traces quantifying the anomalous nature of the reflection amplitude of the
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The Socorro Bright Spot has served as a model for a magma interpretation of other anomalously
strong deep seismic reflections (bright spots) reported from other regions of the world [45]. Examples
include Death Valley in southern California [46], the Basin and Range of northwestern Nevada [47],
the southern Tibetan Plateau [48], the central Andes [49], and the Taupo Volcanic Zone in central
New Zealand [50]. Marine reflection profiling and 3D reflection surveys have also proved effective in
mapping of likely magma chambers in the crystalline oceanic crust beneath mid-ocean ridges [51–53].
In most of these examples, the magma interpretation is bolstered by complementary geophysical
observations, including MT and wide-angle refraction/reflection surveys and/or tomographic imaging
with natural sources. A proper review of such “hot” magma reflections would entail a quantitative
comparison of the individual survey results, as well as expansion to include the diverse range of other
geophysical observations that have been reported to indicate similar features. Here, we choose instead
to focus on the lesser known examples of frozen sills for which reflection surveys may be the only
methodology capable of their detection.

2.2. “Frozen” Sills Detected by Reflection Surveys

The geometry and physical contrasts associated with solid intrusions at depth suggest that
they should be less easily detectable than fluid magma by many geophysical techniques. However,
the reflection coefficient associated with solid mafic sills emplaced in upper continental crust (Table 1)
and their subhorizontal geometry both favor detection and mapping by multichannel reflection
profiling. The examples reviewed below confirm that expectation. In most cases, the interpretation
of strong basement reflections as mafic sills is largely circumstantial and lean heavily on analogy.
However, in one particular case the interpretation is unassailable.

2.2.1. Ground Truth: Siljan, Sweden

Of special importance to inferring sills from reflection data is the multichannel seismic reflection
profiling at the Siljan Ring in east central Sweden (Figures 1 and 3; [54–56]). The Siljan seismic profiles
(Figure 3) reveal a distinctive sequence of strong reflections that have been identified as dolerite sills by
drill holes (Figure 4). Analogy with the reflection character of the Siljan reflections (high amplitudes,
subhorizontal orientation, linear extent) has been a primary argument for the interpretation of similar
appearing reflections elsewhere in the world, including those discussed in this paper.
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R1–R5 label individual reflectors in this stack.
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Figure 4. Detail of the Siljan Ring reflections in Figure 3 correlated with the borehole observations of
diabase intrusions (solid black lines, with indicated thicknesses [55]). The sills date from 850 to 1700 my.
This clear identification of strong reflectivity with mafic sills [55,56] has served as a reference for the
interpretation for similar appearing reflection sequences in other areas.

2.2.2. Identification via Outcrop

The Siljan reflections are relatively unique in terms of being tested by drilling. However, outcrop
correlations have also been used to infer mafic sills as being responsible for similar reflection sequences.
Surveys by the Consortium for Continental Reflection Profiling (COCORP) in central Arizona revealed
a relatively thick suite of strong reflections in the upper crust (A in Figure 5) very similar to the Siljan
seismic images (Figures 1 and 5 [57]). The seismic modeling of mafic sills exposed in basement outcrops
approximately 20 km southeast of Line 3 was found to closely reproduce the character of the reflections
seen on the seismic sections, bolstering their interpretation as arising from the subsurface extension of
the outcropping cold diabase intrusions. This correlation is significant because the tectonic setting in
Arizona would also be consistent with the presence of fluid magma in the subsurface. The deeper
reflection C might be a candidate for hot magma, a suggestion based primarily on its discordance with
sequence A and similarity in depth to the Socorro Magma body.
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Figure 5. Prominent layered reflections (A) traced by the COCORP seismic reflection profiles in central
Arizona [57]. Seismic modeling of mafic intrusions exposed nearby, together with the similarity in
reflection character to the Siljan Ring reflectors, supports the interpretation of this sequence as also due
to mafic intrusion [58]. The deeper reflections (C, B) may mark still-fluid magma. M indicates possible
Moho reflections.
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2.2.3. Extensive Sills in the Canadian Craton: Relicts of a Proterozoic Plume?

Among the most distinctive sill-like reflections, at least in terms of their observed extent, are a
series of reflectors traced by the seismic surveys collected by the LITHOPROBE deep seismic program
in Alberta and Saskatchewan, northwest Canada (Figures 1 and 6). The Winagami Reflection Sequence,
first reported by Ross and Eaton [59], is a set of distinctive reflections that bears clear similarities
to the Siljan reflections. Cross-cutting relationships between the Winagami reflections and weaker
dipping reflections associated with dated tectonic events support an intrusive origin and suggest that
the Winagami sequence was emplaced by a thermal event between 1.760 and 1.890 GA [59]. Originally
estimated to extend beneath 120,000 km2 of Paleoproterozoic basement, subsequent profiling reported
by Mandler and Clowes [60] traced comparable reflections (the Head-Smashed In sequence) over an
additional 6000 km2 in similar tectonic terrane further south
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Figure 6. (Top) the Winagami reflection sequence revealed by LITHOPROBE reflection profiling in
Alberta, NW Canada [59]. (Bottom) presumably correlative northward extension of the Winagami
reflectors mapped by LITHOPROBE 3D seismic profiling [61].

Even more distinctive than the Winagami Sequence is the Wollaston Lake reflector (Figures 1
and 7 [62]), traced by the LITHOPROBE reflection profiles in the Trans-Hudson hinterland of
Saskatchewan, approximately 500 km northeast of the Winagami surveys. The Wollaston Lake
Reflector presents as a distinct narrow band of reflections that can be traced for over 160 km. Mandler
and Clowes [62] associate the Wollaston Lake reflector with the 1.265 Ga McKenzie thermal event,
which is associated with well-known outcroppings of diabase dykes [63]. This is substantially younger
than the inferred age of the Winagami sequence and thus implies two distinct thermal events, both with
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extensive plutonic injections. While the long-distance lateral transport of magma has been documented
in outcropping sills and dikes [7,63,64] the continuity of individual sills like the Wollaston Lake over
such large distances is made most evident by these seismic images.
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Figure 7. The Wollaston Lake reflector, imaged by LITHOPROBE seismic reflection profiling in
Saskatchewan, NW Canada [62]. This feature can be traced as a distinct narrow band of reflections
for 160 km within the Early Proterozoic Trans-Hudson hinterland. Based on its reflection character
and tectonic context, it has been interpreted as a diabase sill associated with the 1.27 Ga McKenzie
igneous event.

2.2.4. Basement Layering across the Central US: Fingerprints from the Keweenawan Plume?

The very first COCORP profiles were carried out in Hardeman County, northern Texas (Figure 1 [65].
The most notable discovery of those surveys was a distinctive sequence of subhorizontal reflections in
the uppermost crystalline basement. These reflections were traced by subsequent COCORP surveys
well into southern Oklahoma, where they are abruptly truncated by the Wichita Uplift (Figure 8).
The extensive, layered nature of these reflections was initially interpreted to suggest a Proterozoic
sedimentary or metasedimentary origin [66]. A supracrustal interpretation was reinforced by the
observation of similarly layered reflections on COCORP seismic reflection profiling in Indiana, Illinois,
and Ohio (Figures 1 and 9 [67]) and oil industry data in eastern New Mexico (Figures 1 and 10 [68,69]).
The vast extent implied by correlating these layers from eastern New Mexico to central Ohio (Figure 11)
is consistent with a depositional origin, although the apparent spatial correlation of these layers with
the 1.5 MYA Granite-Rhyolite province [70] suggest the possibility that volcanic material (rhyolite?)
rather than sedimentary rocks is involved [67]. However, the similarity of the Texas reflections to the
Siljan images (compare Figure 8 with Figure 5) has continued to raise the question as to whether this
midcontinent basement layering is actually a series of diabase sills.

Kim and Brown [69] revisited this issue in their interpretation of basement layering imaged by
the reprocessing of 3D oil exploration seismic data in eastern New Mexico. Strong intrabasement
reflections were reported from previous work by Adams and Miller [68] on 2D oil industry seismic data
located nearby (Figure 10). Both of these papers referenced observations from an oil industry drillhole
in southwest Texas that encountered layered ultramafic rocks at depths that seem to correspond to the
basement layering in New Mexico (Figure 10 [72]). The ultramafic rocks recovered from the borehole
were found to be of Keweenawan age (1.1635 Ga; [71]). Ernst and Buchan [73] describes links between
layered ultramafic bodies and large-scale sill/dike intrusions. Kim and Brown ([69]) suggest that the
southwest Texas borehole “calibration”, the similarity in appearance of the upper basement layering
on COCORP seismic data from New Mexico to Ohio, together with their similarity to the Siljan results
support their interpretation as mafic sills associated with the Keweenawan plume. If correct, this
interpretation indicates lateral injection of Keweenawan magma in the upper crust of the central US on
a continental scale (Figure 11). Kim and Brown [69] point out this extent is comparable to the spatial
extent of the McKenzie dikes in NW Canada [62] which are presumably from the same plume source
as the Wollaston Lake reflector (Figure 11).
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Figure 11. Comparison of the extent of sills, represented by LITHOPROBE seismic lines, and exposed
dikes in northwest Canada associated with the Proterozoic McKenzie event with the extent of layered
reflectors that appear to be correlative beneath much of the US midcontinent sedimentary rock cover,
as represented by COCORP surveys. The lightly shaded area indicates the inferred extent of the
Proterozoic Granite-Rhyolite provide [70]. After Kim and Brown [69].

2.2.5. Deep Sills and Ore Deposits—The Iberian Massif

The extensive nature of the aforementioned examples of known and possible sills suggest thermal
events of a substantial nature. Both heat and fluid transfer attendant on their emplacement may
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have been a significant factor in ore development. A possible link between deep sill emplacement
and ore deposits is perhaps most strongly suggested by a deep seismic profile in southwestern Spain
(Figures 1 and 12). The IBERSEIS seismic profile across the Iberian massif [74,75] revealed a prominent
subhorizontal band of strong reflectivity at midcrustal depths (Figure 12). The interpretation of this
140 km-long feature, known as the Iberian Reflective Body (IRB), as a mafic sill is argued from its
relatively high reflection amplitudes (20% higher than reflections immediately above and below),
its geological setting (exposing late Carboniferous mafic intrusions in an early collision zone), and its
correspondence with a relatively high conductivity indicated by MT and high density inferred from
gravity data [76]. The IRB also appears to have served as a rheological decollement for structures both
above and below [74,76].
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The correlation with high conductivity would seem to suggest that fluids (partial melts?) are still
present, but the lack of modern magmatism in the geological record argues against such an inference.
Carbonell et al. [76] suggests instead that the conductivity correlation is due to the enhancement of
connectivity between graphite deposits in the overlying Ossa-Morena Zone during the emplacement
of the IRB.

The IRB underlies the Ni-Fe deposits of the Aguablanca Ni-Fe deposits [77] and terminates
beneath the massive sulfide deposits of the Iberian Pyrite belt [78] near Rio Tinto. Both of these Late
Variscan mineralizations imply a substantial heat source at depth, most likely from mantle-derived
mafic intrusions. That the IRB represents the remains of mafic magmatism that provided both the heat
and fluids to generate the overlying ore deposits may be speculative, but it is certainly plausible [76].
The tectonic origin of this magmatism is unclear, though Carbonell et al. [76] suggest that is linked to a
Carboniferous mantle plume which impacted a large part of northwestern Europe.

2.2.6. Mantle Sills?

Although the mantle has proven far less heterogeneous than the crust, at least in terms of
reflectivity, prominent mantle reflections have now been traced by a number of seismic reflection
profiles. Perhaps the best known of these have been mapped by the BIRPS (British Institutions
Reflection Profiling Syndicate) in northwestern Britain [79–81]. The mantle reflections which have
received the most attention are dipping features, often interpreted as “fossil” subduction zones [82–85].
However, relative extensive subhorizontal reflections have also been observed in the mantle near
Britain which resemble those in the upper crust that have been interpreted as sills (e.g., Figure 13).
Some of these “flat” mantle reflections are spatially linked to the nearby dipping mantle reflections [86]
and thus may be genetically related. In any case, they too may represent igneous sills, although other
speculative explanations have been put forward (e.g., detachments [87]).
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Figure 13. Strong, subhorizontal reflector in the mantle beneath northwest Great Britain from BIRPS
marine data (After Snyder and Flack [86]). M indicates the position of the Moho at approximately
8 s (ca 25 km). Note that the top of this section corresponds to 5 s TWTT instead of the customary
0 s (surface).

3. Discussion

The preceding description of prominent, relative extensive reflections and reflection sequences
has emphasized their interpretation as mafic sills. The basis for these interpretations ranges from
unequivocal (e.g., Siljan reflections—drilled) to likely (Arizona—outcrop) to speculative (central
U.S. seismic character). There are a number of caveats that must be considered in evaluating the
interpretations of these and other reported images of deep intrusions. For example, the seismic sections
shown in this paper are all 2D. Without 3D control, apparently subhorizontal reflections could just
as well be along-strike images of features that are actually dipping at right angles to the line of the
section. However, most of the examples here are based on surveys that did include 3D control, either
in the form of a local grid of surveys (e.g., Siljan [54], North Texas [65], Great Britain [81]) or as formal
three D seismic arrays (e.g., the Winagami reflections sequence [61], layered reflections in eastern New
Mexico [69]).

Another consideration is that igneous intrusions may be manifest with different seismic
characteristics than that exemplified by the Siljan sequence—i.e., narrow bands of strong reflectivity
separated by larger bands of non-reflectivity. For example, Figure 14 (Upper left) shows a sample
of BIRPS marine deep seismic reflection profiling data from northwest Britain [88] that indicates a
lower crust that is highly layered and strongly reflective, a pattern commonly referred to as Layered
Lower Crust (LLC). However, the layering in this case is more of a lamination, without the distinctive
separation between reflective units that has been used to associate many of the sill examples in this
paper with Siljan. This laminated appearance is characteristic of a number of seismic profiles in
western Europe, particularly in areas affected by post-Variscan extension [89]. Based on the strong
amplitudes of reflections making up this lamination, Warner [88] argues that they are most likely due to
igneous intrusions or the juxtaposition of contrasting metamorphic compositions by pervasive shearing,
although this remains a matter of debate [18]. Meissner et al. [90] argue from seismic anisotropy that
the LLC develops by ductile processes (extension?) within warm, low-viscosity felsic lower crust
with intercalations of mafic intrusions. Numerical modeling by Gerya and Berg [91] illustrates how
crustal rheology can control the geometry of mafic intrusion, with a warm lower crust resulting in the
lateral spread of magma with coeval viscous deformation. Thus, the different presentations of sills
like Siljan/Wollaston vs. the LLC may be due to a contrast in crustal rheology—i.e., hot and ductile
for the LLC vs. cold and brittle for the Siljan and its analogous reflectors—modulated by the stress
field at the time of emplacement. However, the seismic data from the extended Norwegian continental
margin [4,92] suggest that this maybe an over-simplification, as they show relatively continuous,
distinct lower crustal sill reflectors (e.g., Figure 14; upper right) that resemble Siljan more than the LLC
around Britain.
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as identical to that documented not only in oil industry 3D seismic data for various sedimentary 
basins but in notable outcrops of mafic intrusions [27]. The presence of saucer-shaped reflectors deep 
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this geometry within sedimentary strata [4,38,93]. Thus the SBS (Surrency Bright Saucer?) is most 
likely a mafic intrusion, perhaps emplaced during the rifting of the Atlantic margin. 

 

Figure 14. (Left) laminated reflections in the lower crust of NW Britain from the BIRPS marine
reflection profiling [88]. (Right) distinct reflections interpreted as sills in the extended lower crust of
the Norwegian continental margin [4]. T is interpreted as a reflection from the top of a high velocity
body (HVB; mafic underplating?).

A number of mafic sills in both outcrop and seismic sections from basins exhibit a characteristic
“saucer” shape which has fueled recent discussion about intrusion mechanics in sedimentary
sequences [4,27,29,93,94]. This distinctive saucer shape has also been reported for intrabasement
reflections on a several deep seismic profiles [48,95,96]. Figure 15 shows one particular distinctive
example, the Surrency Bright Spot (SBS) encountered during a COCORP survey of the inferred
suture zone between Laurasia and Gondwanaland buried beneath the coastal plain sedimentary
rocks of southeastern Georgia. The strong amplitude of this spatially limited reflection was originally
interpreted to indicate fluid involvement [95] though magma was ruled out due to its location on a
long inactive passive continental margin. The saucer shape of the SBS (Figure 15) is now recognized as
identical to that documented not only in oil industry 3D seismic data for various sedimentary basins
but in notable outcrops of mafic intrusions [27]. The presence of saucer-shaped reflectors deep in the
continental basement provides new context to evaluate mechanical models proposed to explain this
geometry within sedimentary strata [4,38,93]. Thus the SBS (Surrency Bright Saucer?) is most likely a
mafic intrusion, perhaps emplaced during the rifting of the Atlantic margin.
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Figure 15. (Left) Unmigrated COCORP true amplitude section showing the Surrency Bright Spot [95].
(Upper Right) Blow up of migrated image of the Surrency Bright Spot [95]). (Lower Right) depth
contour of the Surrency Bright Spot from the COCORP 3D seismic survey [97]. The “saucer” shape
of this basement reflector is comparable to those associated with mafic intrusions imaged by 3D oil
industry data and in outcrop [27].
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Moho reflections on many deep seismic surveys also exhibit strong amplitudes (e.g., Figure 2; [98])
and/or a layered character [99]. These characteristics have been interpreted to represent “underplating”,
which may be another aspect of accreting/injecting mafic sills at the base of the crust [47,100].

Not every extensive prominent reflection or band of reflections is necessarily a sill. Setting aside the
obvious example of sedimentary units (e.g., the finely layered, upper few seconds of the seismic sections
shown in Figures 6 and 8–10). Other processes can produce distinct reflection bands traceable over large
distance. Figure 16 (right) show seismic data from west central Sweden not too distant from Siljan [101].
Lacking any other constraints, it would be tempting to interpret these as sills, perhaps related to the
Siljan reflections. However, the tectonic setting, outcropping geology, and—most definitively—drill
holes make clear that these reflections are actually thrust faults, part of a crustal scale nappe complex
emplaced during the Caledonian orogeny [101]. Regional detachment faults have also appeared
on crustal reflections surveys as strong, subhorizontal reflections of regional extent. The southern
Appalachian detachment traced on COCORP surveys in Tennessee and Georgia [102] and the Main
Himalayan Thrust imaged by the INDEPTH surveys in southern Tibet [103] are prime examples.
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Figure 16. High amplitude, subhorizontal, and west dipping layered reflections from deep seismic
surveys in west-central Sweden. Drilling and outcrop correlations identify these as thrust structures
rather than intrusion [101].

Implicit in our discussion of strong reflections is the presumption that the magmas
involved—whether hot or frozen—represent emplacement from below. An alternative to consider is
that the reflections arise from in situ melting. This was originally one interpretation of the seismic
bright spots imaged by INDEPTH in Tibet [48,104]. A fluid magma at depth, whether a planar intrusion
or an in-situ melt, should give rise to a prominent reflection (e.g., Table 1) regardless of its composition.
It is unlikely that reflection data, or any geophysical observations, could distinguish between these two
possibilities However, if a reflector under consideration is a frozen product of in situ melt, it is unlikely
to have a significant reflection contrast with its surrounding country rock (of the same composition)
unless substantial fractional crystallization is involved. On the other hand, a saucer-like reflection
geometry in a strong indication that mechanical intrusion is involved. Of course, intrusions may well
represent crustal as well as mantle melts, though the silicic composition of the former is less likely to
generate a strong reflection unless it is still molten.

The seismic character of a reflector on a seismic section depends heavily on both details of
acquisition and processing. This is particularly true for reflection amplitudes. For example, the
upwardly convex geometry of saucer shaped intrusions implies some degree of amplification of the
associated reflection due to focusing, which in turn is ameliorated by seismic migration [105]. Therefore,
caution is warranted when basing interpretation on superficial similarities in appearance between
reflections on seismic sections collected and processed by different groups and individuals.
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4. Tectonic Implications

The direct implications of sills within sedimentary basins have been addressed in recent papers by
Magee et al. [29], Schofield [106], as well as elsewhere in this volume [107,108]. The influence of deeper
intrusives may be less obvious. Haxby et al. [109] modeled the effect of a high-density intrusion into
the lower crust as a driver for basin formation, though this involved massive underplating rather than
intrabasement sill emplacement. The deep sills cited in this paper, which appear as relatively thin layers,
may seem volumetrically small compared to other plutonic manifestations (e.g., batholiths), however
the more extensive examples, such as the Winagami reflector or the COCORP midcontinent basement
layering, suggest thermal perturbation over very large areas. The potential link of these two examples
with the McKenzie and Keweenawan events, respectively, implies that they may serve as fingerprints
of distant mantle plumes in a manner similar to the better known exposed dyke swarms [110].

The form of sill reflectivity—e.g., distinct reflections or reflection sequences vs. finely laminated
zones—may be a proxy for crustal rheology and an indicator of the stress regime at the time of their
emplacement [91,111,112].. The presentation of basement sills as saucers versus planar geometries is
another clue to the emplacement mechanics [27]. The observation that many of these reflectors appear
largely undeformed by subsequent tectonic events places constraints on the post-intrusive evolution
of the crust—e.g., the lack of substantial deformation. The limited and relatively biased sampling of
the crust represented by modern deep reflection profiling undermines any substantive generalization
about the age distribution of observed sills, although many of the ‘frozen” examples shown here either
occur in Proterozoic crust or are believed to be Proterozoic in age.

5. Conclusions

Crustal seismic reflection profiles have revealed anomalously strong reflectors at numerous sites
around the world. Seismic “bright spots” in tectonically active regions have been frequently attributed
to fluid magma at depth, most often associated with modern extensional regimes. Some of the most
distinctive reflections have been found within Precambrian basement and presumed to be “frozen”
magma, most likely mafic since silicic intrusions are unlikely to provide a sufficient reflection contrast
with host rock. The drilling of prominent basement reflectors near Siljan, Sweden, has confirmed
them to be Proterozoic diabase sills. The correlation of similar strong reflection sequences in the
southwestern US with adjacent outcrops of mafic intrusions strongly corroborates their interpretation
as mafic sills as well. Extensive prominent reflections in northwestern Canada are likely to be buried
manifestations of the McKenzie Dike swarm. More speculatively, an extensive layered sequence of
strong reflections in the upper crust on COCORP seismic profiles that stretch from eastern New Mexico
to central Ohio may be related to a distant Keweenawan mantle plume based on correlation with
ultramafic rocks encountered in an oil industry borehole in west Texas. Both of these examples detail
the long distance lateral transport of magma in brittle regimes. As “fingerprints” of major thermal
events (plumes?), indicators of crustal rheology and stress during emplacement, and markers for
post-emplacement deformation, sill reflections in the continental basement offer new constraints for
models of crust and basin evolution.
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