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Introduction 

Maar-diatreme (M-D) volcanoes are relatively small volcanoes (<1 km3) that typically have only one 
eruptive episode. Other examples of small volcanoes include lava domes, scoria scones, tuff rings, and tuff 
cones. The last two types, and M-D volcanoes, are predominantly generated by explosive magma-water 
interaction (phreatomagmatism; White and Ross 2011). M-D volcanoes have two defining characteristics 
that set them apart from other small volcanoes: (1) the crater is excavated up to several hundred metres 
below the previous ground surface; (2) the crater is underlain by a significant diatreme, the underground 
part of the volcano, filled mostly by pyroclastic rocks. The composition of the magma responsible for M-
D volcanoes ranges from ultramafic to felsic (Ross et al. 2007). Likely kimberlitic examples include Renard 
2 in Quebec (Fitzgerald et al. 2009), Yubileinaya in Russia (Kurszlaukis et al. 2009) and Victor in Ontario. 
Other phreatomagmatic volcanoes occur in the Fort à la Corne field of Saskatchewan (e.g., Kjarsgaard et 
al. 2009). Unfortunately, in the kimberlitic M-Ds, exposures can be limited to drill cores; even in operating 
mines, there can be issues with dust cover or sampling. The tops of kimberlitic volcanoes are often eroded, 
and many diamond mines exploit large diatremes, yielding a biased record of kimberlitic volcanism (Brown 
and Valentine 2013). Furthermore, post-emplacement modification to the primary textures and mineralogy 
is a common problem for kimberlites, which makes physical volcanology studies challenging.  

In this context, non-kimberlitic M-Ds provide relevant insights due to locally excellent 3D exposures, at a 
range of paleo-depths, and generally better preservation of primary textures. Our premise is that kimberlitic 
and non-kimberlitic diatremes are not fundamentally different in terms of physical volcanology 
(McClintock et al. 2009; White and Ross 2011; Kurszlaukis and Lorenz 2017, 2018). This may seem 
difficult to accept but Ross et al. (2007) show that while olivine melilitite and rhyolite are completely 
different magmas chemically and rheologically, the M-D volcanoes formed from those magmas are 
surprisingly similar in terms of diatreme shape, lithofacies organization, and types of pyroclastic rocks. A 
possible explanation is that ultramafic to felsic magmas can all be affected by phreatomagmatism, and the 
dominant fragmentation mechanism has a large influence on what type of small volcano forms. Since the 
last major M-D review in 2011, there have been interesting research developments, especially for the 
diatreme portion of the system, that we believe will be of interest to the kimberlite community. Aside from 
the traditional field-based studies of diatremes and maar ejecta rings which have continued, a number of 
relevant experiments and modeling exercises have been reported, and those are also summarized here. The 
recent progress in understanding the detailed emplacement processes and evolution of non-kimberlitic 
diatremes has potential implications for diamond exploration and mining.  
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Higher diamond grades in the diatreme? 
 
Studies of M-Ds in volcanic fields with variable erosion levels exposed (e.g., Hopi Buttes volcanic field, 
Arizona) have shown that the maar ejecta ring is typically richer in lithic clasts than the diatreme, which is 
richer in juvenile clasts (Lefebvre et al. 2013). Lithics are fragments of the country rock, whereas juvenile 
clasts are fragments derived from the magma. The cone-shaped volume of intact country rock that will 
eventually become the diatreme starts out as 100% lithic material. Although phreatomagmatic explosions 
can happen at a range of depths (Valentine and White 2012), explosions within the upper 200 m are the 
most likely to eject material out of the ground (Valentine et al. 2014). The first relatively shallow explosions 
will therefore eject lithic-rich material (perhaps something like 80-90% lithics from the country rock and 
20-10% juvenile clasts from the fragmenting dike) upwards and outwards. Some material will fall on the 
ejecta ring beyond the crater, and some will fall back into the crater, as documented during cratering 
experiments using chemical explosives (e.g., Ross et al. 2013). The proportion of juvenile material grows 
in the diatreme over time, as the original volume of country rock in the diatreme is progressively replaced 
by juvenile-bearing pyroclastic rocks (Bélanger and Ross 2018). Each explosion involves a certain amount 
of new magma and creates new juvenile fragments which get added to the diatreme volume. Equilibrium is 
maintained by ejecting existing (and some new) fragments onto the ejecta ring. 
 

Implication: since diamonds are carried by the kimberlitic magma, in kimberlitic M-Ds, the 
diatreme as a whole, being more juvenile-rich, should have higher diamond grades than the lithic-
rich ejecta ring. On the other hand, because material within a mature diatreme might have been 
involved in more explosions, the early beds in the ejecta ring might contain larger (less fragmented) 
diamonds. 

 
Debris jets: variable diamond grades in the lower diatreme 
 
Not all explosions have to move material out of the diatreme, however. Explosions in the diatreme create 
debris jets, defined as “upward-moving streams of volcaniclastic debris, steam, magmatic gases +/liquid 
water droplets” (Ross and White 2006). This phenomenon has been studied in the laboratory using dm-
scale analogue experiments involving glass beads and compressed air injected into other glass beads or 
sand (Ross et al. 2008) and more recently with numerical modelling (Sweeney and Valentine 2015). One 
goal was understanding which debris jets stay confined in the diatreme and which do not. In nature and the 
analogue experiments, debris jets leave behind columnar bodies of material with potentially different 
properties (e.g., grain size, componentry) to the adjacent material, often with steep contacts (Lefebvre et al. 
2013; Latutrie and Ross 2019). Although some contacts between columnar bodies are sharp and obvious, 
others are quite cryptic. Note that in large mature diatremes, each debris jet and the resulting pyroclastic 
deposits only occupy a small portion of the diatreme. The lower portion of many diatremes is unbedded 
and occupied largely by these columns. 
 

Implication: in kimberlitic M-Ds, those vertical columns might have different diamond populations 
(McClintock et al. 2009 and references therein). It is therefore quite important to map those 
different lithofacies in the lower diatreme. Vertical drill holes are unlikely to capture lithofacies 
boundaries, making angled holes potentially more efficient. 

 
Upper versus lower diatreme, and the transition zone 
 
The upper portion of diatremes tends to be bedded, especially for large diatremes in which there is space in 
the crater for bedding to develop through pyroclastic density currents such as surges, and fallback. These 
bedded deposits form before at least some of the non-bedded columns, which are often seen to truncate 
them (Bélanger and Ross 2018; Latutrie and Ross 2019). Furthermore, bedding is progressively destroyed 
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in the lower diatreme through a combination of subsidence, new debris jets, and perhaps local liquefaction. 
Due to the general juvenile-enrichment process over time described above, earlier-formed bedded deposits 
might therefore be more lithic-rich on average than partly later-formed non-bedded deposits, as 
demonstrated in a specific diatreme from the Navajo volcanic field of New Mexico (Bélanger and Ross 
2018). On most schematic M-D models, the transition between the typically bedded upper diatreme, and 
the typically unbedded lower diatreme, is shown as a simple line. Detailed field studies have now 
demonstrated that this transition is actually a distinct zone up to several hundreds of metres thick (Bélanger 
and Ross 2018; Latutrie and Ross 2019). This transition zone should be included in future generalized 
models. 
 

Implications: in kimberlites, the non-bedded lower diatreme might be richer in juvenile fragments 
and therefore diamonds, on average, than the bedded upper diatreme. When exploring kimberlitic 
M-Ds, the transition zone is more complex, in terms of lithofacies arrangement, than the upper or 
lower diatreme, as it combines bedded and non-bedded pyroclastic rocks. It should be located and 
given particular attention. 
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