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In small planets, magmatism declines early in their histories

(Whitten & Head., 2015)

In this study we build upon previous research to address several
fundamental questions about cryptomaria: (1) What are the gen-
eral characteristics of cryptomaria? (2) Can those identification cri-
teria be used to distinguish cryptomaria from NCLP? (3) What is
the distribution of cryptomaria? (4) What does that distribution
tell us about ancient volcanism on the Moon?

3. Methods

We used a variety of lunar datasets (mineralogy, albedo, topog-
raphy, surface roughness, etc.) to identify, map, and characterize

the distribution of lunar cryptomaria. Initially analyses were car-
ried out for 25 regions previously recognized as cryptomaria
(Fig. 4, Table 1) (Schultz and Spudis, 1979, 1983; Hawke and
Spudis, 1980; Hawke and Bell, 1981; Bell and Hawke, 1984;
Hawke et al., 1985, 1993, 2002, 2005, 2013; Head et al., 1993;
Antonenko et al., 1995; Blewett et al., 1995; Mustard and Head,
1996; Antonenko, 1999a,b; Giguere et al., 2003; Campbell and
Hawke, 2005; Lawrence et al., 2008). Of these 25 proposed loca-
tions, only 20 were confirmed in this study (see Section 4.1.).

After analyzing all of the proposed cryptomaria sites, a global
mosaic (2.8 km/pixel) of Moon Mineralogy Mapper (M3) spectral
data (optical period 2c1 (Boardman et al., 2011; Green et al.,

Fig. 1. (a) Histogram of model ages (gray bars) of surficial mare deposits, derived from crater size–frequency distributions (Hiesinger et al., 2011; Whitten et al., 2011). ‘N’
represents the number of ages included in the histogram. The start of exposed mare basalt emplacement appears to occur abruptly at !3.8 Ga and slowly trails off over the
next 2.5 Gy. Most of the mare basalts were erupted during a peak of volcanic activity 3.7 Ga, the mode of this mare basalt age distribution (vertical dashed black line). The
average mare basalt age, based on these data, is 3.3 Ga. Vertical blue band represents the range of inferred isotope ages for impact basins derived from returned lunar
samples: Orientale = 3.72–3.85 Ga, Imbrium = 3.77–3.91 Ga, Crisium =3.84–3.89 Ga, Serenitatis = 3.87–3.98 Ga, and Nectaris = 3.85–4.10 Ga. Basin ages are from Stöffler et al.
(2006). (b)–(d) Three scenarios for the eruption of ancient mare basalts. Dashed vertical line denotes 3.9 Ga. (b) Mare basalts began to rapidly erupt onto the lunar surface
around 4.0 Ga. (c) Mare basalts began erupting onto the surface shortly after lunar crustal formation, with production peaking around 3.7 Ga. (d) Mare basalts began to
rapidly erupt onto the lunar surface shortly after crustal formation and continued to erupt at a high rate until !3.4 Ga. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Comparison of cryptomare and non-cryptomare light plains (NCLP) on the Moon. (a) Cryptomare in Balmer–Kapteyn basin. (b) Light plains deposits in Ptolemaeus
crater (bottom left) and Hipparchus crater (top right), hereafter referred to as NCLP, that are hypothesized to have been produced by ejecta ponding in topographic lows
during the Imbrium impact event. Linear features oriented northwest–southeast superposed on these crater rims were sculpted by Imbrium ejecta. White dashed lines denote
the location of cryptomare and NCLP. LROC WAC 100 m/pixel base map.

152 J.L. Whitten, J.W. Head / Icarus 247 (2015) 150–171
Moon



Early Monte Carlo modeling efforts also only considered singu-
lar surface histories. That is, crater formation and crater destruc-
tion events lasted throughout the modeled surface histories. The
assumption of singular surface histories is perhaps overly restric-
tive given what we think we know about Venus. Consideration of
multi-stage resurfacing histories is important given postulated
changes in lithosphere thickness and related geodynamic pro-
cesses (e.g., Solomon, 1993; Grimm, 1994; Solomatov and
Moresi, 1996; Schubert et al., 1997; Hansen and Willis, 1998;
Phillips and Hansen, 1998; Brown and Grimm, 1999). Thus if
equilibrium resurfacing did occur on Venus, it seems unlikely that
an era of equilibrium surfacing would occur throughout Venus’
entire evolution, or throughout the entire recorded surface his-
tory. In fact, geological evidence indicates that it is unlikely that
the surface experienced a singular history. Impact crater charac-
teristics interpreted as evidence of progressive crater modification
by Izenberg et al. (1994) and confirmed by Basilevsky and Head
(2002), taken together with crater density reveal three average
model surface age (AMSA) provinces of sub-equal areal distribu-
tion (Fig. 2) (Phillips and Izenberg, 1995; Hansen and Young,
2007). The youngest of the AMSA provinces forms two regions
that spatially correspond to the Beta–Atla–Themis (BAT) province
and the Lada Region—areas independently identified as relatively
young volcanic provinces (Head et al., 1992; Crumpler et al.,
1997). This spatial correlation is consistent with the idea that Ve-
nus’ volcanic activity has become more spatially focused with
time, but does not require this interpretation. For example, there
could have been other dominant volcanic hotspots at other times.
The occurrence of three AMSA provinces indicates that Venus’
surface likely records more recoverable detail than a single aver-
age model surface age, or a single crater production age, and it is
important to at least consider non-singular surface evolution
histories.

3. Monte Carlo models

Monte Carlo models generate large data sets to give statistically
valid results, making them a powerful tool used to simulate ran-
dom processes and processes that are difficult or impossible to ob-
serve. Model results are compared to the statistical observations of
the natural system in question. It is important to note that Monte
Carlo models can only test the statistically viability of specific
models; that is, is a particular scenario statistically viable, or
not? Monte Carlo models cannot indicate that a particular model
is the only possible configuration. In other words, an individual
Monte Carlo model can only comment on itself; it cannot directly
comment on other scenarios. However, by testing a range of con-
figurations it is possible to determine a parameter space that is
consistent with the observed phenomena. In the case of Venus
equilibrium resurfacing scenarios, only those scenarios that fall
within the specific parameter space previously modeled by Strom
et al. (1994) can be discounted as statistically invalid.

Here we test configurations of equilibrium resurfacing through
specific percent-area incremental resurfacing and rates of both im-
pact crater formation and incremental resurfacing against the spa-
tial distribution and overall pristine condition of Venus’ impact
craters. The Monte Carlo experiments assume that each spatial or
temporal increment has an equal probability of hosting an event,
and that each event happens independently of all other events.
The resulting spatial distribution of events and the time between
events are normal, or Gaussian, in a Poisson distribution. The term
event refers here to each occurrence of impact crater formation.
The cratering rate on Venus is spatially uniform (Le Feuvre and
Wieczorek, 2008). Therefore because a bolide strikes any part of
the surface with equal probability and existing impact craters do
not affect the formation of other impact craters, the Poisson distri-
bution is most appropriate to model Venus impact cratering

Fig. 2. Molliwede project of Venus showing average model surface age provinces (Phillips and Izenberg, 1995; Hansen and Young, 2007), exposures of ribbon tessera terrain
(Hansen and López, 2010), volcanic rises, crustal plateaus, and selected geographic regions. Top inset illustrates the stages of impact crater modification with time (Izenberg
et al., 1994).
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Magmatism is active even today in larger planets.

�Utsunomiya et al., 2007)

Venus Earth

What is the reason for the long-lasting magmatism in large planets?
Is the large heat capacity of large planets the only reason?



a numerical model of magmatism & convection in Martian mantle
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Extraction of heat producing elements by magmatism is the reason.
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A model of mantle evolution in Mars



Crustal recycling is necessary for magmatism to continue long.
⇓

How did the crust recycle? In Earth by plate tectonics.  In Venus?

(Hirose, 1999)

Venus = Mars + the lower mantle

density inversion

Pyrolite: average mantle materials
MORB: basalt



pyrolite

basalt-barrierresidue

(Ogawa & Yanagisawa, 2014)

Mantle-burst caused by the density-inversion
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A two-stage evolution model of the Venus’ mantle 
Stage 1: Mantle bursts repeatedly occur to cause a vigorous magmatism, and the crust recycles.  
Stage 2: Mantle bursts subside due to decay of HPEs.  The crust recycled on Stage 1 heats the mantle to cause a mild

& continuous magmatism.

mantle burst mild magmatism

(Ogawa & Yanagisawa, 2014)



The early “mantle burst” stage may correspond to the era of tessera terrane, while the later 
“mild magmatism” stage may correspond to the era when volcanic plain was formed. 

0 1000 2000

TECTONIC AND LITHOSPHERIC THERMAL EVOLUTION OF VENUS 41

(or thermal boundary layer) is that portion of a planet that does
not participate in the mantle convection system; heat is trans-
ported conductively through this layer. The thermal lithosphere
thickness (ht) is defined by an isotherm. In the plate cooling
model (Parsons and Sclater 1977) this thickness is explicit; in
the half-space cooling model ht =

√
πκt , where κ is the thermal

diffusivity (10−6 m2 s−1) and t is the plate age.

THE PRE-RESURFACING VENUS: PLATEAU
HIGHLANDS TESSERA

The ancient, intensely folded and faulted tessera terrain
(Fig. 1a) was formed before most of the latest volcanic plains
poured over the surface (Ivanov and Head 1996), and it has
a higher density of relatively large craters than the rest of the
planet (Ivanov and Basilevsky 1993). In contrast to other tec-
tonically disrupted areas, tessera is so pervasively deformed that
the nature of the original surface is generally indeterminate. In
the plateau highlands, tessera occurs in expansive, continuous,
roughly equidimensional 1000-km-scale blocks and it is distin-
guished by very tightly spaced structures (Bindschadler et al.
1992, Hansen and Willis 1996, Brown and Grimm 1997). The
uniformity of the short-wavelength tessera ridges (Fig. 1b) pro-
vides a basis for mechanical modeling of their formation as
an instability growth process. The results of these models im-
ply that the thermal gradient exceeded 17 K km−1 at the time
of tessera deformation, corresponding to a mechanical litho-
sphere less than 13 km thick (Brown and Grimm 1997). Simons

FIG. 1. (a) Plateau highlands tessera in Ovda Regio (centered at 5.4◦S, 82.8◦E). (b) Deformation style is characterized by penetrative, closely and regularly
spaced ridges and troughs. (c) Yield stress envelope for the plateau highlands at the time of tessera formation. Strength envelopes portray the plastic yield stress
of the lithosphere in compression (left side) and tension (right side) as a function of depth. The thermal gradient was sufficiently high for the tesserae that the
mechanical lithosphere was confined to the crust (Brown and Grimm 1997).

et al. (1997) estimated a≤20-kmelastic thickness for the plateau
highlands from a study of gravity and topography admittances.
The crust of the plateau highlands may have been thickened by
copious pressure-release melting over ascending mantle plumes
(Phillips and Hansen 1998); assuming that the compressional
deformation responsible for the tessera ridges occurred much
later than this proposed “hot” genesis of plateaus, the derived
lithosphere thickness may be representative of the global venu-
sian lithosphere at ∼1 Ga.
Figure 1c shows the yield stress envelope for the inferred

tessera thermal gradient (Brown and Grimm 1997) and a dry di-
abase crust (Mackwell et al. 1998). A geotherm of at least∼20K
km−1, or a heat flow of greater than∼60 mWm−2 (comparable
to 70-Ma or younger oceanic lithosphere), is similar to the mean
terrestrial heat flux scaled to Venus (Solomon and Head 1982).
Compared to Earth, however, this geotherm results in a much
weaker lithosphere because of the ∼450-K higher surface tem-
perature, despite the anhydrous character of the rocks. Thus, it
is not surprising that the tessera crust was so intensely deformed
over such broad areas. The ensuing plains emplacement repre-
sents a period of widespread, effusive volcanism indicative of
shallow melt sources, also implying a globally thin lithosphere
(Head et al. 1996).

THE POST-RESURFACING VENUS: RIDGE BELTS,
RIFTS, CORONAE, AND VOLCANOES

Stratigraphic and impact crater density studies indicate that
ridge belts and coronae were among the first features formed

(Brown & Grimm, 1999)
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planetary surfaces, which in turn provide critical relations for understanding the range of processes that
contributed to the evolution of the specific planetary body (e.g., Butler & Bell, 1988; Gilbert, 1886;
Maltman, 1990; Powell, 1992).

The approach to geologic mapping of planetary bodies might consider, among other things, (a) the potential
wide nature of operative geologic processes (e.g., impact-driven, ice-related, water-related, tectonic, and vol-
canic), (b) the type and resolution of available remote sensing data, and (c) the types of questions to be
addressed through geologic mapping. Resulting geologic maps will be a function of these diverse factors
and can focus on particular aspects of the observed surface geology, such as glacial features, basement ter-
rain, crater type and distribution, or structural elements. Different maps provide unique clues to the nature of
planet surfaces, geologic histories, and operative processes. Geologic maps generally include two first-order
components: geomorphic features and geologic (material) units (e.g., Compton, 1985; Easton et al., 2005;
Hansen, 1991, 2000; Wilhelms, 1972, 1990). Geomorphic features can include primary structures (formed

Figure 1. Mercator projection NAMA sketch map with SAR base with locations. Key: blue, tessera terrain; red lines, defor-
mation belts; blue lines, chasmata; yellow stars, coronae.

10.1029/2018JE005566Journal of Geophysical Research: Planets
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mild magmatism → resurfacing?

surface deformation by matnel bursts
→ tessera?



temperature

composition

Conclusion

Crustal recycling by mantle bursts is probably the main reason for the long-
lasting magmatism on Venus.  

Mantle bursts can occur in the Earth, too. ⇒ Large Igneous Provinces?

S362ANI+M (submachine, oxford)

LLSVP in the Earth
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