
1. Introduction
Volcanism is a fundamental geologic process that has created and shaped the surfaces of the terrestrial plan-
ets in our solar system. The volcanic history of a planetary body provides information on its formation and 
evolution (Carr, 1973, 1974; Greeley & Spudis, 1981; Gregg & Fink, 2000; Pieri et al., 1984; Plescia, 2004; Spu-
dis et al., 2013; Werner, 2009; Wilson & Head, 1983). For Mars, where ∼60% of the crust has been resurfaced 
by effusive volcanism, a variety of volcanic landforms have been preserved at the surface, including vast lava 
flow plains, sinuous rilles, massive shield volcanoes, cinder cones, and ash shields (Carr, 1974; Greeley & 
Spudis, 1981; Hauber et al., 2011; Hiesinger et al., 2007; Plescia, 2004; Werner, 2009; Xiao et al., 2012). The 
bulk of Martian volcanism appears to have occurred early in the planet's history (>3 Ga), with decreasing 
volcanic fluxes through time (Tanaka et al., 2014; Werner, 2009). Despite an abundance of volcanic features 
on Mars, the volcanic history of the planet remains complicated due to the lack of global compositional 
data, the lack of observations while the eruptions were active, and sometimes a lack of analogous terrestrial 
terrain and processes.

Abstract Volcanism has played a major role in modifying the Martian surface. The Tharsis volcanic 
province dominates the western hemisphere of the planet with numerous effusive volcanic constructs 
and deposits. Here, we present the results of an in-depth study aimed at characterizing and modeling 
the emplacement conditions of 40 lava flows in the Tharsis volcanic province. These lava flows display 
a range of lengths (∼15–310 km), widths (∼0.5–29 km), and thicknesses (∼11–91 m). The volumes and 
flow masses range from ∼1 to 440 km3 and ∼1011 to 1014 kg, respectively. Using three different models, 
we calculated a range of eruption rates (0.3–3.5 × 104 m3/s), viscosities (104–107 Pa s), yield strengths 
(800–104 Pa), and emplacement times (8 h–11 years). While the flow lengths and volumes are typically 
larger than terrestrial lava flows by an order of magnitude, rheologies and eruption rates are similar based 
on our findings. Emplacement times suggest that eruptions were active for long periods of time, which 
implies the presence and persistence of open subsurface pathways. Differences in flow morphology and 
emplacement conditions across localities within Tharsis highlight different pathways and volumes of 
available material between the central volcanoes and the plains. The scale of the eruptions suggests there 
could have been eruption-driven local, regional, and perhaps, global impacts on the Martian climate. The 
relatively recent age of the eruptions implies that Mars has retained the capability of producing significant 
localized volcanism.

Plain Language Summary Volcanoes have resurfaced a majority of the Martian surface. 
Understanding the volcanic history of Mars is critical to understanding the evolution of the planet. 
Lava flows are one of the most common volcanic features on Mars, and numerous examples are present 
in the Tharsis volcanic province on shield volcanoes and in vast volcanic plains. Using three different 
approaches, we characterized the eruption conditions of 40 lava flows. In addition, we measured their 
dimensions and calculated volumes and masses. We observed flow dimensions (e.g., lengths and volumes) 
larger than typical terrestrial lava flows. Viscosities and yield strengths were similar to terrestrial values; 
however, effusion rates were generally at the higher end of terrestrial rates. These results indicate that 
lava flows erupted on Mars did not require exotic compositions or exceptionally high eruption rates to 
be emplaced. However, this does imply longer eruption times, which requires the existence of long-lived 
subsurface conduits capable of transporting magma to the surface.
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Using flow morphology to estimate eruption conditions has been a goal of terrestrial and planetary volcan-
ology for decades and has fueled a number of studies (e.g., Baloga & Glaze, 2008; Cashman et al., 1998; Fink 
& Griffiths, 1990; Glaze & Baloga, 2006; Gregg & Fink, 1996; Hauber et al., 2011; Hiesinger et al., 2007; Wil-
son & Head, 1983). In the absence of direct observations, the eruption conditions and flow properties can 
be estimated based upon the morphology of preserved deposits. These deposits provide a snapshot into the 
planet's interior and composition. Previous studies have estimated lava flow eruption rates, viscosities, yield 
strengths, and emplacement times using combinations of simplified fluid mechanics, numerical models, 
deposit morphology, and morphometry (e.g., Baloga & Glaze, 2008; Glaze & Baloga, 2006; Glaze et al., 2009; 
Gregg & Fink, 1996; Griffiths & Fink, 1992; Hauber et al., 2011; Hiesinger et al., 2007).

In this study, we have observed and quantified the morphology and dimensions of 40 lava flows in the Thar-
sis volcanic province on Mars in order to calculate eruption rates, viscosities, yield strengths, and emplace-
ments times. These 40 lava flows occur in the volcanic plains and in proximity to or on central volcanoes. 
High resolution images up to 0.25 m/pixel High Resolution Imaging Science Experiment (HiRISE) and dig-
ital terrain models at ∼50–70 m/pixel (HRSC) have enabled detailed analyses of these lava flows (Jaumann 
et al., 2007; Malin et al., 2007; McEwen et al., 2007; Keszthelyi et al., 2008). We have applied three lava flow 
emplacement models that utilize flow morphology and morphometry to constrain eruption rates, rheology, 
and emplacement times, and compared those results to a wide range of analogous terrestrial data. The suite 
of models consists of (a) a standard cooling-limited rheologic treatment outlined in Hiesinger et al. (2007), 
(b) the utilization of the nondimensional parameter Ψ derived from laboratory analog experiments, and (c) 
the self-replication model outlined in Baloga and Glaze (2008). The calculated volumes, eruption rates, vis-
cosities, and emplacement times are interpreted in terms of their implications for the eruption conditions 
of relatively recent volcanic activity on Mars and the subsurface pathways that transport magma in the 
Martian crust. An application of this method to lava flows on other volcanic bodies, such as Io or Venus, 
could also prove useful.

2. Background
The eruption conditions of lava flows on Mars have implications for understanding its composition, interi-
or, and evolution. The morphology of terrestrial and extraterrestrial lava flows has long been used as a proxy 
for the eruptive conditions at the time of emplacement (e.g., Baloga & Glaze, 2008; Bleacher, Greeley, Wil-
liams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; Carr, 1973, 1974; Cashman 
et al., 1998; Gregg & Fink, 1996; Griffiths & Fink, 1992; Hauber et al., 2011; Hiesinger et al., 2007; Walk-
er, 1971, 1973; Wilson & Head, 1983). A number of studies have used the morphology and morphometry of 
lava flows on Mars to estimate effusion rates, viscosities, and yield strengths by applying cooling limited and 
rheologic models (Bleacher, Greeley, Williams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, 
et al., 2007; Glaze & Baloga, 2006; Hauber et al., 2011; Hiesinger et al., 2007; Wilson & Head, 1983). These 
studies have necessarily made a variety of simplifying assumptions about lava flow rheology, composition, 
and environmental conditions during emplacement. Some studies have invoked either exceptional eruption 
rates never observed in terrestrial lava flows or exotic compositions to explain the very large dimensions of 
Mars lava flows (e.g., Cashman et al., 1998; Wilson & Head, 1983 and references therein; Garry et al., 2007; 
Giacomini et al., 2009). These analyses were partly predicated on the following assumptions: the length of 
lava flows is controlled exclusively or largely by eruption rate; the entire flow front is active at all times with 
the flow moving as a coherent mass; and/or lava behaves as a Newtonian fluid (Baloga & Glaze, 2008; Balo-
ga et al., 1998; Bruno et al., 1996; Nichols, 1939). Although studies have demonstrated a Newtonian rheolo-
gy may be assumed for the hot interior of a lava flow, Hulme (1976) demonstrated that the behavior of lava 
flows on Olympus Mons, Mars, and elsewhere, were better approximated by a Bingham rheology due to the 
significant yield strength of most lavas, particularly as they propagate and cool. Subsequent studies followed 
suit (e.g., Baloga & Glaze, 2008; Bruno et al., 1996; Glaze & Baloga, 2006; Hauber et al., 2011; Hiesinger 
et al., 2007). Recent works have accounted for more complex processes that occur during the emplacement 
of lava flows such as levee construction and overspills (Baloga & Glaze, 2008; Baloga et al., 1998; Glaze 
et al., 2009). Most studies aimed at constraining lava composition and effusion rates on Mars have focused 
on the Tharsis and Elysium volcanic provinces where some of the best-preserved lava flows on the planet 
are located. Due to dust cover, however, compositional data are sparse to nonexistent in these localities 
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(Baloga & Glaze, 2008; Christensen, 1986; Hauber et al., 2011; Hiesinger 
et al., 2007; Rogers & Christensen, 2007). However, a basaltic-to-basaltic 
andesite composition of much of the Martian crust has been determined 
using near IR and thermal infrared spectral measurements of less dust 
covered regions, although ultramafic terrains have been observed as well 
(e.g., Jaeger et al., 2010; Rogers & Christensen, 2007). Based on the mod-
erate range of compositions observed in the dust-free regions, it is likely 
that the Tharsis region is basaltic as well.

Laboratory analog experiments have provided a fundamental understand-
ing of lava flow emplacement processes and their relationship to propa-
gation rate and morphology, and have thus been used to make predictions 
of lava flow behavior on other planets (Blake & Bruno, 2000; Fink & Grif-
fiths, 1990; Gregg & Fink, 1996, 2000; Griffiths & Fink, 1992; Peters, 2020; 
Rader et al., 2017; Soule & Cashman, 2004). Previous laboratory studies 
have examined lava flow morphologies by extruding substances analo-
gous to lava into controlled environments under controlled source con-
ditions (Fink & Griffiths, 1990, 1992; Gregg & Fink, 1996, 2000). Polyeth-
ylene glycol (PEG) wax has been demonstrated to be a useful analog to 

real lava flows due to its temperature dependent viscosity and timescale of surface crust formation (Fink & 
Griffiths, 1990, 1992; Gregg & Fink, 1996, 2000; Soule & Cashman, 2004). Fink and Griffiths (1990) derived 
a dimensionless parameter, Ψ, which is a ratio of the characteristic time scale of crust formation, which is 
controlled by surface cooling, to the characteristic time scale of lateral thermal advection, for which flow 
propagation rate is a proxy.

Fink and Griffiths (1990) observed five morphologies produced in the laboratory: no crust, levees, folds, 
rifts, and pillows, which occur on a continuum from high to low Ψ values, respectively (Figure 1). Analo-
gous morphologies have been observed in nature (Fink & Griffiths, 1990, 1992; Gregg & Fink, 1996; Grif-
fiths & Fink, 1992). Subsequent studies utilized PEG experiments to address slope effects (e.g., Gregg & 

Fink,  2000). Extrapolating laboratory experiments to other terrestrial 
bodies such as Mars has been attempted in order to constrain eruption 
parameters and predict expected morphologies, although the image res-
olution at the time of these studies was limited to >150 m/pixel (Fink 
& Griffiths, 1992; Gregg & Fink, 1996; Peters, 2020). Laboratory exper-
iments, in conjunction with rheologic modeling and remote sensing ge-
omorphology, therefore provide an additional constraint on prehistoric 
eruption conditions on Mars.

3. Geologic Setting
3.1. Tharsis Volcanic Province

The Tharsis region represents the largest volcanic province on Mars (Fig-
ure 2), containing the tallest volcano in the solar system (Olympus Mons 
at ∼22  km), one of the largest volcanoes on the planet in areal extent 
(Alba Mons at ∼1.15 × 106 km2), and the Tharsis Montes—three large 
shield volcanoes (Carr, 1973, 1974; Crumpler & Aubele, 1978; Greeley & 
Spudis, 1981; Plescia, 2004; Scott & Tanaka, 1981). In addition, the region 
contains innumerable lava flows and small shields, in what is sometimes 
characterized as plains-style volcanism (Baloga & Glaze,  2008; Glaze 
et  al.,  2009; Greeley,  1982; Hauber et  al.,  2011; Hiesinger et  al.,  2007). 
Tharsis dominates the western hemisphere of the planet and occupies a 
region from ∼60°N to ∼40°S and 210°E to 300°E and ∼4,000 × 6,000 km. 
Volcanic activity began ∼4 Ga and has occurred within the last ∼100 Ma 
(Carr, 1973, 1974; Plescia, 2004; Scott & Tanaka, 1981; Werner, 2009). The 
40 lava flows featured in this study occur throughout the Tharsis volcanic 
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Figure 1. Examples of the four primary morphologies observed by Fink 
and Griffiths (1990), Gregg and Fink (2000), and Peters (2020). From low 
to high Ψ, the morphologies are Pillows, Rifts, Folds, and Levees. At very 
high Ψ, a “no crust” morphology—labeled because a surface crust is not 
observed for considerable duration of the eruption—is observed. Modified 
from Gregg and Fink (2000).
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Figure 2. Map of study area, the Tharsis volcanic province. Base map 
is Mars Orbital Laser Altimeter colorized topography, with warm colors 
representing areas of higher elevation. Square label demarks Olympus 
Mons (OM), Ascraeus Mons (AM), and Daedalia Planum (DP).
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province, primarily on and around Olympus Mons, in the volcanic plains surrounding the Tharsis Montes, 
and Daedalia Planum. A brief summary is given of each region.

3.1.1. Olympus Mons and Ascraeus Mons

Olympus Mons and Ascraeus Mons are two large shield volcanoes in the Tharsis volcanic province. Olym-
pus Mons is 600 km across and 22 km high and Ascraeus Mons is 400 km across and 15 km high. Olympus 
Mons is situated northwest of the Tharsis Montes and southwest of Alba Mons (Figure 2), while Ascraeus 
Mons (located east of Olympus Mons) is the northernmost of the Tharsis Montes (Carr, 1973; Greeley & 
Spudis, 1981; Plescia, 2004; Werner, 2009). Both volcanoes display nested caldera complexes and evidence 
of widespread effusive eruptions. Extensive dust cover prohibits compositional analyses of either volcano, 
but both volcanoes are morphologically similar to Hawaii and the Galapagos shield volcanoes and a basal-
tic composition has been inferred for their erupted lavas (e.g., Bleacher, Greeley, Williams, Cave, & Neu-
kum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; Byrne et al., 2012; Christensen, 1986; Rogers 
& Christensen, 2007). Both volcanoes display gentle sloping flanks (∼4–6°) with some steepening on the 
upper flanks (e.g., Plescia, 2004). Although construction of Olympus Mons and Ascraeus Mons is believed 
to have been largely completed by the Late Noachian or Early Hesperian (>3.6 Ga), their surfaces have 
been dated to ∼100–800 Ma based on crater count modeling (e.g., Neukum et al., 2004; Werner, 2009; Xiao 
et al., 2012). Some of the youngest features on Olympus Mons and Ascraeus Mons include lavas on the 
floors of the nested calderas (∼100–200 Ma), some flank lava flows (∼50 Ma), and small satellite vents and 
arcuate graben (e.g., Byrne et al., 2012; Neukum et al., 2004; Peters & Christensen, 2017; Tanaka et al., 2014; 
Werner, 2009).

3.1.2. Volcanic Plains and Daedalia Planum

Volcanic plains formed by countless overlapping lava flows cover much of the terrain within the Thar-
sis volcanic province (Figure 2) producing a monotonous topography of gentle slopes, punctuated by low 
shields, cinder cones, graben, and the central volcanoes (e.g., Carr, 1973, 1974; Greeley & Spudis, 1981; 
Hauber et al., 2011). Individual lava flows can extend hundreds of kilometers from their sources, which 
include dozens of low shield volcanoes, the Tharsis Montes, and buried sources (Baloga & Glaze, 2008; 
Carr, 1973, 1974; Crumpler & Aubele, 1978; Glaze et al., 2009; Greeley & Spudis, 1981; Hauber et al., 2011; 
Hiesinger et al., 2007). Daedalia Planum—an example of this terrain—is an 18 × 106 km2 volcanic plain 
on Mars located southwest of Arsia Mons, one of the Tharsis Montes (Giacomini et al., 2012; Plescia, 2004; 
Werner, 2009). It too hosts very long lava flows (>200 km in some cases), with many believed to be sourced 
by activity related to Arsia Mons, the southernmost and oldest of the Tharsis Montes (e.g., Crown & Ram-
sey, 2016; Giacomini et al., 2009, 2012; Plescia, 2004; Scott & Tanaka, 1981; Werner, 2009). Recent studies on 
Daedalia Planum have measured average lava flow thicknesses of 35–70 m using high-resolution image and 
elevation data, observed inflation in lava flows using possible lava rises and tumuli, and attempted compo-
sitional analysis via spectral mapping (e.g., Giacomini et al., 2009, 2012).

4. Methodology
4.1. Data Sets and Analyses Criteria

We used image data from the Mars Reconnaissance Orbiter (MRO) Context Camera (CTX: ∼5 m/pixel) 
(Malin et  al.,  2007), the Mars Odyssey Thermal Emission Imaging System in the infrared (THEMIS IR: 
100  m/pixel) (Christensen et  al.,  2004), and the MRO HiRISE (∼0.25  m/pixel) instruments (McEwen 
et al., 2007). We utilized topographic data from the Mars Global Surveyor Mars Orbital Laser Altimeter 
(MOLA: ∼463 m/pixel) digital elevation model (DEM) (Zuber et al., 1992) data set, as well as Mars Express 
High-Resolution Stereo Camera (HRSC) DEM (DEM cell size: 50–75 m) (Jaumann et al., 2007). Although 
high resolution HRSC DEMs did not cover the entire study area, they were more extensive than CTX and 
HiRISE DEMs and readily available. As a result, some flows were characterized using the MOLA DEM (e.g., 
Glaze et al., 2003). Due to the resolution of the MOLA DEM, larger lava flows were given priority when 
HRSC DEM coverage was not available. All data sets were accessed and analyzed using the Java Mission 
Planning and Remote Sensing GIS software (e.g., Gorelick et al., 2003).
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For this study, we considered lava flows in the Tharsis volcanic province because of the large number of 
well-preserved flows and extensive overlapping data sets. We selected 40 lava flows based on the following 
criteria: (a) morphology and (b) data coverage. We prioritized flows with relatively unobstructed flow along 
their lengths and relatively well-defined margins. In all cases, the full extent of the original flow was not 
preserved due to superimposed lava flows, impact craters, or erosion/degradation. These processes reduced 
the available flow area for study and also resulted in the erasure of the flow source. As a result, our flow 
lengths, volumes, and volumetric flow rates represent minima. We also prioritized lava flows with adequate 
data coverage. Every selected lava flow had CTX visible image coverage and at least partial HRSC and/or 
complete MOLA DEM coverage. Despite the ≥1 m dust mantle that blankets the Tharsis volcanic prov-
ince, lava flow surface texture is relatively well preserved and discernible (Christensen, 1986). Compression 
ridges are visible on a number of lava flows, owing to the resilience of these features in the face of erosion, 
degradation, and dust cover. However, finer scale morphologies, such as pahoehoe lava lobes (which tend to 
be meter-scale features), if originally present, are not visible due to extensive dust mantling that masks me-
ter and sub-meter scale topography. Overall, the morphologies and morphometric properties of lava flows 
in the Tharsis volcanic province suggest a basalt to basaltic andesite composition (e.g., Bleacher, Greeley, 
Williams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; Carr, 1974; Hiesinger 
et al., 2007; Hulme, 1974). We measured and calculated the length, mean width, mean thickness, surface 
area, volume, and mean slope for each of the 40 lava flows in this study (Table 1). The length of each flow 
was measured using a centerline. The mean width and thickness of each flow were calculated using mul-
tiple (i.e., ∼10–60 depending on the flow length) approximately evenly spaced cross-sectional profiles. We 
calculated the volume by multiplying surface area by mean thickness. We applied the three models dis-
cussed above to the 40 lava flows in this study in order to estimate volumetric flow rates, bulk viscosities and 
yield strengths, and emplacement times. The models and how they were applied to the data set are detailed 
in the following section.

4.2. Models for Interpreting the Data Sets

4.2.1. Cooling-Limited and Rheologic Model

We applied a standard rheologic treatment to 34 of 40 lava flows using methods outlined by Hiesinger 
et al. (2007), and references therein, to calculate eruption rate and viscosity. Six of 40 lava flows were ex-
cluded because they exhibit prominent ridges likely formed through repeated overspills from a channel or 
tube during emplacement, in stark contrast to the typical flows for which this method was intended (e.g., 
Sakimoto et al., 1997). The method uses (a) the Graetz number (Gz), a dimensionless number that charac-
terizes the ratio of the time scale of cooling by conduction at the edges or surface of the flow, to that of fluid 
advection downstream; and (b) Jefferey's equation, which is a steady-state momentum equation reduced to 
a force balance between downslope gravitational forces that drive the flow and viscous forces that impede 
the flow, can be expressed in terms of flow velocity, geometry, and fluid viscosity (Jeffreys, 1925; Wilson 
& Head, 1983). This approach requires some assumptions including: laminar flow of a Newtonian fluid; 
steady-state emplacement at low velocities; flow dimensions that reflect rheological properties of the flow 
(e.g., Hauber et al., 2011; Hiesinger et al., 2007; Wilson & Head, 1983); and a Graetz number of ∼300 that 
defines when the flow halts, following Pinkerton and Sparks (1976).

According to a suite of observations of cooling-limited lava flows at Mt. Etna, Pinkerton and Sparks (1976) 
found that flows ceased advancing at Gz of approximately 300, when crust extent and strength was sufficient 
to prevent the continued propagation of the small amount of melt remaining in the core of the flows. Guest 
et al. (1987) questioned the value of 300 because Pinkerton and Sparks (1976) did not take into account 
branching of lava flows or the possibility of volume-limited flows. However, for cooling-limited flows, Guest 
et al. (1987) place the halting Graetz number at approximately 230, very close to the assumed value of 300. 
The Mars flows studied here exhibit limited to no branching, and given their large volumes (see below), 
they were unlikely to have been volume-limited. We therefore assume that they were cooling-limited and 
proceed with a halting Graetz number value of 300. Graetz number (Gz) can be expressed as

       
/ /zG Q x w h (1)
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Flow # Lat (N) Long (E) Region
Length 
(km)

Mean width 
(km)

Mean flow 
thickness (m)

Volume 
(km3)

Mean slope 
(degrees) Ψ (morphology)

1 18.53 235.94 E of Olympus Mons 21 5.6 11 1.3 0.4 High (levees)

2 11.914 244.629 Tharsis 310 18 46 280 0.4 High (levees)

3 14.504 248.246 Tharsis 310 29 39 440 0.3 Very high-high 
(smooth-levees)

4 15.199 226.654 Olympus Mons 18 0.59 27 0.38 6.6 High-intermediate 
(levee-folds)

5 15.008 226.823 Olympus Mons 33 0.57 12 0.25 6.6 High-intermediate 
(levee-folds)

6 15.761 224.764 Olympus Mons 19 3.0 25 1.5 4.2 High (levees)

7 11.739 224.015 S of Olympus Mons 100 6.9 26 23 0.4 High (levees)

8 11.597 222.495 S of Olympus Mons 41 6.5 14 1.8 0.4 High (levees)

9 −19.332 243.262 Daedalia Planum 78 5.9 25 12 0.7 High (levees)

10 −20.945 240.957 Daedalia Planum 140 5.9 33 34 0.7 High (levees)

11 −21.733 242.555 Daedalia Planum 58 16 36 38 0.6 High-intermediate 
(levee-folds)

12 −23.297 242.812 Daedalia Planum 270 19 45 270 0.8 High (levees)

13 −22.547 244.16 Daedalia Planum 200 12 30 100 0.6 High (levees)

14 −23.195 237.617 Daedalia Planum 220 6.0 32 52 0.7 High (levees)

15 −19.081 234.684 Daedalia Planum 92 3.8 15 6.1 0.8 High-intermediate 
(levee-folds)

16 −17.307 233.48 Daedalia Planum 170 3.2 16 12 1.0 High (levees)

17 −22.665 237.6084 Daedalia Planum 106 4.5 17 10 0.6 High (levees)

18 8.945 257.408 Ascraeus Mons 16 4.1 15 0.99 0.8 Intermediate 
(folds)

19 15.521 261.191 Ascraeus Mons 79 4.2 23 8.3 0.9 High (levees)

20 12.102 250.046 W of Ascraeus Mons 99 12 37 65 0.5 High (levees)

21 11.193 248.41 W of Ascraeus Mons 120 17 38 73 0.5 Very high-high 
(smooth-levees)

22 15.757 225.213 Olympus Mons 15 1.2 18 0.33 4.6 High (levees)

23 15.814 225.379 Olympus Mons 30 5.9 91 8.2 5.4 Low (ridge)

24 15.156 225.105 Olympus Mons 27 1.3 18 0.77 4.7 High (levees)

25 14.997 225.298 Olympus Mons 60 6.8 68 14 6.7 Low (ridge)

26 16.089 227.269 Olympus Mons 13 3.7 64 1.6 4.2 Low (ridge)

27 15.91 227.239 Olympus Mons 28 2.2 37 1.1 5.5 Low (ridge)

28 15.178 259.464 Ascraeus Mons 48 4.6 31 3.4 1.2 Low (ridge)

29 15.689 259.131 Ascraeus Mons 29 7 38 3.9 1.0 Low (ridge)

30 8.572 263.609 Tharsis 44 7.1 29 9.0 0.4 High (levees)

31 −12.934 239.423 Daedalia Planum 25 2.1 31 1.7 1.4 High (levees)

32 −0.879 237.326 Tharsis 77 5.9 31 15 0.6 High (levees)

33 −3.006 239.936 Tharsis 69 6.0 29 12 0.8 High (levees)

34 16.210 261.309 Tharsis 72 3.7 25 7.13 0.6 High (levees)

35 5.018 256.914 Tharsis 99 3.1 16 5.09 0.8 High (levees)

36 5.229 254.687 Tharsis 23 1.3 11 0.46 0.7 High (levees)

37 5.371 255.546 Tharsis 38 1.9 13 1.09 0.7 High (levees)

Table 1 
Data on 40 Lava Flows in Tharsis Volcanic Province on Mars Investigated in This Study
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where Q is the effusion rate, κ is thermal diffusivity of the lava, which is a function of its composition 
(m2 s−1), x is flow length, w is mean flow width (Table 1), and h is mean flow thickness (Table 1) (Wilson & 
Head, 1983). This equation is a modification of the original Graetz number for cooling of a fluid in a cylin-
drical pipe. Equation 1 accounts for the fact that thinner flows cool faster than deeper flows by including the 
aspect ratio w/h (Hulme & Fielder, 1977). Here effusion rate, Q, was obtained by rearranging Equation 1, as-
suming a halting Graetz number of 300, using the flow geometries measured from the previously described 
data sets (Table 1), and applying the thermal diffusivity of basalt, 5.00 × 10−7 m2/s (e.g., Hon et al., 1994; 
Pasckert et al., 2012; Wilson & Head, 1983).

Jeffrey's equation can be used to relate the effusion rate of a flow to its viscosity, density, and flow dimensions. 
It is derived for flow on an infinitely wide plane and is written as follows for broad flows (Jeffreys, 1925).

   3 sin / 3Qgh w (2)

where η is the effective dynamic viscosity of the flow during emplacement and propagation, ρ is the lava 
density during emplacement, w and h are the flow dimensions as described previously, Q is volumetric ef-
fusion rate, α is the underlying slope, and 3 is a constant used for flows that are much wider than they are 
deep (Jeffreys, 1925). We assumed a density of 2,700 kg/m3 which is consistent with estimates from previ-
ous studies and within the range of terrestrial basalt values (e.g., Hauber et al., 2011; Hiesinger et al., 2007; 
Pasckert et al., 2012; Rowland et al., 2004). Q from Equation 1, along with flow geometry, underlying slope, 
and magma density were used in Equation 2 to calculate dynamic viscosity η. Emplacement times were 
estimated from Q and measured individual flow volumes.

4.2.2. Laboratory Experiments and Ψ

We classified each of the 40 observed lava flows by dominant surface morphology, which corresponds to a 
particular Ψ regime (Fink & Griffiths, 1990; Gregg & Fink, 1996). Ψ is a powerful way of understanding the 
dynamics of flow emplacement using only flow morphology. Because it is a dimensionless parameter, Ψ can 
be applied to flows of any composition, rheology, and scale so long as reasonable emplacement constraints 
such as ambient conditions and properties of the flowing liquid can be assumed. Five flow morphologies 
corresponding to discreet Ψ ranges have been observed. Those morphologies from high to low, Ψ > 55 to 
Ψ ∼ 1, are: No Crust, Levees, Folds, Rifts, and Pillows (Figure 1) (Fink & Griffiths, 1990, 1992; Gregg & 
Fink, 2000). Transitional morphologies are also observed in the lab and on Mars, demonstrating that the 
morphologies are produced on a continuum. And, as stated previously, the textures observed in the labora-
tory are observed in nature—from terrestrial felsic lava flows to sulfur flows (e.g., Fink et al., 1983; Gregg & 
Fink, 1996; Griffiths & Fink, 1992; Peters, 2020; Pieri et al., 1984).

In the analysis presented, we assumed that the predominant morphology observed represents the dominant 
Ψ regime during the time of emplacement (Figure 1). The validity of this assumption has been demonstrat-
ed in the laboratory to the extent possible (Fink & Griffiths, 1990, 1992; Gregg & Fink, 2000). Although there 
exists the possibility that flows pass through a number of morphological regimes throughout the emplace-
ment process, the final morphology preserved in the rock record is the only source of data we have for the 
surface of Mars. We proceed with this caveat in mind, and thus assume that our calculations based on Ψ 
regime best represent the dominant flow emplacement conditions. Furthermore, each flow was assigned a 
Ψ value range corresponding to the observed morphology. Some transitional morphologies (e.g., levee-fold) 
were observed, while no pillow morphologies were definitively observed. We classified the lava ridges, pre-
viously observed on Olympus Mons, Alba Mons, and other localities, and interpreted as lava tubes (Bleach-
er, Greeley, Williams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; Sakimoto 
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Table 1 
Continued

Flow # Lat (N) Long (E) Region
Length 
(km)

Mean width 
(km)

Mean flow 
thickness (m)

Volume 
(km3)

Mean slope 
(degrees) Ψ (morphology)

38 3.576 259.678 Tharsis 128 4.9 18.1 11.91 0.5 High (levees)

39 1.347 238.558 Tharsis 71 6.7 23 12.03 0.5 High (levees)

40 15.51 271.857 Tharsis 220 14 55 173.69 0.6 High (levees)
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et al., 1997), under the rift morphology, which represent lower values of Ψ. Our interpretation is based on 
laboratory analog experiments using PEG wax performed on slopes, which yielded ridge-like structures 
produced by lava tubes that advanced downslope piecemeal, with the “rifting” describing fracturing in the 
surface crust (Peters, 2020).

Ψ can be written in terms of a modified Peclet number, Π, a nondimensional cooling timescale for the crust, 
τs, and a ratio of temperature differences including ambient, solidification, and wax or lava temperatures, θs 
(Fink & Griffiths, 1990, Equation 10, provided here as Equation 3).

  Ψ Π s s (3)

Π incorporates the traditional Peclet number (Pe), which is the ratio of the rate of advective heat transport 
by the flowing lava to the rate of conductive heat transport at the flows surface. Π also includes the effects 
of reduced gravity (g'), kinematic viscosity (ν), thermal diffusivity of the wax or lava (κ), and the timescale 
(λ) over which the contact temperature of the wax or lava reaches the temperature of the ambient environ-
ment far from the lava surface, where the contact temperature is defined as the temperature at the interface 
between wax or lava and the ambient.

 


 
 







2
1 1

3
3 3Π g Pe (4)

Like Pe, Π represents a ratio of a characteristic advective flux or flow rate downstream to a characteristic 
thermal diffusion rate at the surface of the flow (Fink & Griffiths, 1990).

Ψ can also be written as a ratio of the solidification and advection time scales, which is more descriptive.

Ψ s

a

t
t (5)

Here, ts represents the timescale of solidification of the surface crust and ta represents the timescale of hori-
zontal advection. Using the relationships in Equations 3 and 4, we can calculate a range of effusion rates 
corresponding to the Ψ ranges for each flow morphology, for assumed Mars eruption and ambient condi-
tions. From those effusion rates and measured flow volumes, we can also calculate a range of emplacement 
times for each flow.

However, in order to translate the Ψ ranges to eruption rates, we are required to make simplifying assump-
tions about the ambient environment and the erupted liquid. In the lab, the ambient environment corre-
sponds to the chilled bath or a sucrose solution and the erupted fluid refers to the PEG wax. For Mars, these 
values correspond to the ambient environment of the Martian surface and the lava flow. We assumed that 
radiation is the primary way a lava flow loses heat on Mars based on previous work, which found that radia-
tive heat fluxes on Mars dominate in comparison to convective heat flux on Earth during the initial cooling 
of a flow (e.g., Danes, 1972; Gregg & Fink, 1996; Griffiths & Fink, 1992; Rowland et al., 2004). As a result, 
convective and conductive losses are considered to be negligible. In addition to the flow properties men-
tioned previously (i.e., density, thermal diffusivity), we assumed an ambient environment temperature of 
180 K, an atmospheric density of 0.02 kg/m3, a solidification temperature of 900°C, and gravity of 3.71 m3/s 
(e.g., Peck, 1978; Rowland et al., 2004). The ambient environment temperature, atmospheric density, and 
gravity represent the average values for Mars (e.g., Rowland et al., 2004) and deviations of these values do 
not significantly impact our results. For values related to the Martian atmosphere, specifically kinematic 
viscosity, we assumed pure CO2 (Chemical Rubber Company, 1984; Crane Company, 1988). The basalt soli-
dus is cited as 980°C; however, the internal temperature of barely mobile basalt flows has been measured at 
temperatures as low as 800°C and basalt flows on Mt Etna have been typically modeled with solidification 
temperatures of ∼870°C (Belousov et al., 2015; Peck, 1978; Pinkerton et al., 2002; Vicari et al., 2007). We find 
a value of 900°C to be reasonable and within the range of previous studies. We assumed the lava flows in 
our study erupted at 1150°C, which is similar to the erupted temperature of basalts at Hawaiian volcanoes 
and Mt. Etna and within the range of typical terrestrial basalts (1100–1250°C, Danes, 1972; Harris & Row-
land, 2001, 2015; Pinkerton, 1987; Vicari et al., 2007).

PETERS ET AL.

10.1029/2020JE006791

8 of 29



Journal of Geophysical Research: Planets

4.2.3. Self-Replicating Lava Flow Model

Many of the lava flows observed in the major Martian volcanic provinces 
of Tharsis and Elysium display a similar repetitive morphology. Baloga 
and Glaze  (2008) termed these flows “self-replicating lava flows” and 
identified a set of defining criteria: morphologic characteristics that re-
peat over the length of the flow, relatively constant channel and levee 
dimensions, and a single channel that is visible for most of its length 
(Figure 3). Their corresponding model of propagation takes into account 
mass removed from the active molten lava flow during the formation of 
lateral levees at the flow front as it propagates. The model assumes that 
levees are created at the flow front due to a vertical parabolic velocity 
profile in the molten core consisting of a Newtonian fluid, in which fluid 
at the top of the flow is traveling downslope faster than fluid at its base 
(Figure 4) (Baloga & Glaze, 2008; Glaze & Baloga, 2006). The total excess 
flow rate (Qex) that forms the levees is calculated as a product of the av-
erage excess flow velocity (uc), width of the channel, and the thickness 
of the nondeformable crust atop the flow (Baloga & Glaze, 2008, Equa-
tion 6). The excess mass is then left behind as the flow front advances at 
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Figure 3. CTX image of a long, self-replicating lava flow in the volcanic 
plains of Tharsis south of Olympus Mons. The channel is clearly defined, 
has an approximately constant width, and levees are well developed and 
near constant width.

Figure 4. Modified from Baloga and Glaze (2008) illustrating how “self-replicating” lava flows, which include well-
defined channels and levees of relative constant width, are produced. As the flow passes a given point, some mass of 
the flow at the flow front is deposited to form levees.
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the average downstream velocity of the molten core (uc). Only a subset of lava flows in this study—13 of 
40—met the Baloga and Glaze (2008) criteria of self-replicating flows.

Using methods outlined in Baloga and Glaze (2008) and references therein, we calculated eruption rates 
(Q) and the resultant viscosities and emplacement times for the 13 qualifying lava flows across the Tharsis 
volcanic province. To do so, we first calculated the levee widths (wl):



ex

l
c l

Qw
u h (6)
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where hl is the levee thickness. Equation 6 assumes that the excess volume flux Qex is uc times the dimen-
sions of the levees, hl and wl. The crust thickness is assumed to be the difference between total flow thick-
ness and the liquid core thickness (hc). The total flow thickness is approximated by the height of the levees, 
such that the crust thickness is hl–hc. Crust thickness was found as a function of distance downstream and 
the data was smoothed as in Baloga and Glaze (2008) reaching an asymptotic value (Figure 8). A cooling 
time for the asymptotic crust thickness to form was calculated using solidification by conductive cooling 
modified from Hon et al. (1994). The emplacement duration of the flow was assumed to be the same as the 
time required for crustal growth. Average effusion rate was calculated for each flow using its total volume 
and the emplacement time.

4.2.4. Yield Strength Calculation

Our use of Equations 1 and 2 above assume Newtonian behavior, allowing viscosity to be calculated from 
Jeffrey's equation (Equation 2). However, many suggest that most lavas, especially those cooling during em-
placement, behave as Bingham fluids (e.g., Moore et al., 1978). In order to explore this rheology further, we 
estimate the yield strength (σ) of each flow using underlying slope (α), flow thickness (h), and an assumed 
lava density of 2,700 kg m−3 (following the procedure of Hiesinger et al., 2007 and references therein).

    sing h (7)

5. Comparison of Applied Models and Sources of Uncertainty
All of the models used in this study make simplifying assumptions about the rheology, dynamics, and em-
placement of the lava flow along with the conditions of the ambient environment. These simplifying as-
sumptions result in uncertainties. However, a more complex model, even with simplifying assumptions 
such as the self-replication model, produces results closer to replicating real world processes. The purpose 
of studying Martian lava flows with multiple methods is an attempt to offset some of the uncertainties and 
converge on a more accurate picture of the eruptive conditions that produced these impressive flows. While 
certain aspects of more than one of the models are rooted in similar origins—such as Jefferey's equation—
newer models have become more complex in an attempt to better understand the complicated conditions in 
nature. Here we will discuss the simplifying assumptions of each model, what they mean for real lava flows, 
and how they affect our results.

5.1. Rheology Models (Jeffrey's Equation, Graetz Number, and Self-Replication Model)

Using the dimensions of an emplaced flow to calculate its effusion rate overestimates the effusion rate of 
the lava flow by assuming that the entire flow is active during the time of emplacement (e.g., Baloga & 
Glaze, 2008; Glaze et al., 2009; Hauber et al., 2011; Hiesinger et al., 2007). We know from observations of 
active lava flows that the entire width of the lava flow is rarely active at the time of emplacement in fact, 
most of the flow is relatively immobile with mass stored in immobile levees (e.g., Baloga & Glaze, 2008; 
Baloga et al., 1998; Glaze et al., 2009). The height of the flow is also misleading because the height of a so-
lidified, emplaced flow may not characterize the true height of the flow during emplacement (e.g., Baloga 
& Glaze, 2008; Baloga et al., 1998; Glaze et al., 2009). For example, many flows on Mars display prominent 
levees and the highest point of these levees is often assumed to represent the height of the flow at the time 
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of emplacement. That height likely represents a maximum of some interval of time that does not represent 
conditions during the majority of time when the flow was active. Taken together, when calculating effusion 
rate from the Graetz number, this equation can overestimate eruption rates, sometimes by more than an 
order of magnitude. Erroneously high eruption rates would imply exotic lava compositions and/or very 
large subsurface pathways through the Martian crust. The Graetz number also represents an approximation 
of flow cessation. Varying the Graetz number affects calculated effusion rates and ultimately the calculated 
viscosity. We varied the Graetz number by ±70. A Graetz number of 230 decreases the calculated eruption 
rate by ∼23% and increases viscosity by ∼30%, while a Graetz number of 370 increases calculated eruption 
rate by ∼23% and decreases viscosity by ∼19%.

Jeffrey's equation—originally developed to calculate the flow of water in a rectangular, inclined channel—
assumes that the flowing fluid has a Newtonian rheology, like water (Jeffreys, 1925; Nichols, 1939). Al-
though the superheated interior of lava flows, especially flows confined in tubes and channels, behave as 
Newtonian fluids, lava is better, though not perfectly, approximated by a Bingham rheology and recent 
studies have shown it is best approximated by a power law relationship due to crystallization and interac-
tion between the crust and liquid core (e.g., Bruno et al., 1996; Hulme, 1974). However, different portions of 
the flow can behave as a Newtonian, Bingham, or power law rheology (Bruno et al., 1996). Due to the over-
estimate of the effusion rate, Jeffrey's equation will produce an answer that underestimates the lava flow's 
viscosity. As lava flows cool and develop a crust, the viscosity and rheology of the flow changes (e.g., Fink 
& Griffiths, 1990; Hallsworth et al., 1987). Thus, portions of the lava flow farther from the heated interi-
or—such as the margins of the channel or the levees—will not have a Newtonian rheology despite possibly 
remaining malleable (Bruno et al., 1996). There is an added complication that Jeffrey's equation assumes 
that the density and viscosity of the flow remains effectively constant for the entirety of the flow. In reality, 
the density and viscosity of a lava flow begins changing the moment it erupts and continues to change until 
the flow ceases to flow. The density and viscosity are lowest near the vent because the flow is hotter, while 
they are highest at the end of the flow where it is cooler and has undergone crystallization (e.g., Crisp & 
Baloga, 1994). We chose a density of 2,700 kg/m3 which falls in the range of basalts 2,600–3,200 kg/m3 and is 
not dissimilar for values used in previous studies (e.g., Hiesinger et al., 2007; Pasckert et al., 2012; Rowland 
et al., 2004). If our densities are in error, they will affect the calculated viscosities and yield strengths pro-
portionally. For example, if we assume a density of 2,000 kg/m3, the calculated viscosity and yield strength 
decreases by ∼26%.

Key contributors to uncertainty in the self-replication model are the measured flow length, the thickness of 
the flow, and the assumed density. Since the measured flow lengths are likely absolute minima, we have un-
derestimated the flow area and volumes. If we assume our flow lengths are in error by 25% (i.e., the flows are 
25% longer than measured), then our eruption rates and viscosities would be in error by ∼20%. A 25% longer 
flow length would also decrease calculated viscosity by ∼20%. Although measuring an accurate flow length 
is important, the level of uncertainty here does not significantly impact our results or their implications.

Variability in the density has the largest impact on calculated yield strength. If the assumed density is 50% 
lower than expected, our calculated yield strengths decreased by ∼50%. We do not expect our densities 
to vary by such a large amount. A 25% decrease in density results in a ∼26% decrease in calculated yield 
strength. The latter case does not significantly impact our results.

Flow thickness impacts calculated viscosity, specifically our estimates of the core thickness (i.e., the fluid 
core of the lava flow beneath the surface crust). If core thicknesses were 25% lower than calculated, then 
calculated viscosities decrease by 44%. If core thickness is 25% greater than expected, the calculated viscos-
ities increase by 57%. As core thickness is extrapolated from observed data, smoothed using a polynomial 
fit, and relies on underlying assumptions about crust solidification and thickness, it is perhaps the largest 
source of error in this model. That said, for most of our flows, a 25% error in the estimated core thickness 
does not change the calculated viscosity by an order of magnitude.

5.2. Laboratory Analog Experiments and Ψ

The utilization of Ψ provides a powerful way of investigating a lava flow by using its morphology to deter-
mine the flow conditions at the time of emplacement. The applicability of laboratory analog experiments to 
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terrestrial environments has been a goal for decades and provides a way to investigate the complexity inher-
ent within lava flow emplacement. In order to calculate eruption rates and the resultant emplacement times 
from Ψ, simplifying assumptions regarding lava flow and ambient condition properties are required. For the 
lava flow, density, kinematic viscosity, solidification temperature, eruption temperature, emissivity, thermal 
diffusivity, heat capacity, water content (implicit), vesiculation (implicit), crystal content (implicit), and 
final flow morphology are required. Assumptions about the ambient conditions include density, kinematic 
viscosity, thermal diffusivity, thermal expansion, heat capacity, and temperature. Because we are interested 
in lava flows on Mars, we are assuming a basalt to basaltic andesite composition. This is consistent with 
the flow morphology and the observations of a variety of studies aimed at volcanism and the Martian crust 
(e.g., Baloga & Glaze, 2008; Carr, 1973, 1974; Glaze et al., 2009; Hauber et al., 2011; Hiesinger et al., 2007; 
Hulme, 1974; Rogers & Christensen, 2007).

Some of the input variables into Ψ for lava flows have been measured for various lava flows in the field 
and can be estimated with some confidence. Thermal diffusivity and heat capacity are well constrained 
for basaltic lava flows. Emissivity, impacted by the fraction of surface crust present on a lava flow, has 
also been studied both observationally and theoretically for lava flows and we find our estimate of 0.9 is 
consistent with the literature (e.g., Cashman et al., 2006; Rowland et al., 2004; Vicari et al., 2007). Be-
cause Ψ is rooted in laboratory analog experiments performed with a substance, which does not mimic 
vesiculation, there is an implicit assumption that water content, vesiculation, and crystal content have 
a negligible impact on the morphology of the lava flow. As lava flows propagate away from the vent, the 
exsolution of water from the molten lava increases the viscosity. However, terrestrial basalts tend to be 
drier than other more felsic compositions with ∼2 wt. % water and Martian basalts are thought to be 
particularly dry with estimates of <1.5 wt. % water (e.g., Black & Manga, 2016). On the other hand, crys-
tallization increases with increasing distance from the vent as the flow cools which increases the flows 
viscosity by orders of magnitude along its length (e.g., Crisp & Baloga, 1994). Although these variables 
work to retard the advancement of a lava flow, they do not tend to impact the overall morphology of a flow 
and primarily impact the distal portion of the flow and the final length of the flow, especially for basalts. 
Martian lava flows have been observed to preserve a dominant morphology, just like flows on Earth, that 
reflects other more dominant factors such as effusion rate and crust formation than increases in viscosity 
along its length. Unlike the other models used in this study, Ψ does not output a dynamic viscosity. For 
Ψ, kinematic viscosity is an input because the dynamic viscosity of the analogous material (PEG 600) can 
be measured. As a result, when applying this model to actual lava flows, the viscosity must be measured, 
calculated, or assumed. The input kinematic viscosity (dynamic viscosity divided by density) is that of 
the liquid at the moment of eruption. We chose a value of 270 Pa s at 1150°C. For basaltic lava (and po-
tentially more mafic compositions), a dynamic viscosity of ∼102 at the moment of eruption is reasonable. 
In Hawaii, recently erupted basalt can have viscosities of ∼102–103 Pa s, similar to Mt. Etna (∼103) (e.g., 
Harris & Rowland, 2015; Self et al., 2008). Increasing the dynamic viscosity at the vent by one order of 
magnitude to 2,700 Pa s, increases the calculated eruption rates by four orders of magnitude. The result-
ant values become unrealistic.

The density, solidification temperature, and eruption temperature of lava flows is much harder to constrain 
on Mars. On Earth, a range of values for these variables has been observed across lava flows of basaltic com-
position. Although Martian meteorites and relatively dust-free areas of the planet's surface have provided 
information on the geochemistry of the Martian crust, we do not have any samples of Martian lava flows 
and active eruptions are nonexistent. However, we assume that basalts on Earth and Mars—by virtue of 
their mineralogic composition—will adhere to similar ranges for density, solidification temperature, and 
eruption temperature. Our density value of 2,700 kg/m3 falls near the boundary of basalts (2,700–3,200 kg/
m3) and basaltic andesites (2,500–2,700 kg/m3) and is consistent with values used in previous studies (e.g., 
Baloga & Glaze, 2008; Hauber et al., 2011; Hiesinger et al., 2007; Pasckert et al., 2012; Rowland et al., 2004). 
If we decrease the input density by 25% (∼2,000 kg/m3), the calculated eruption rates increase by one order 
of magnitude. Decreasing it further (by 50%) to 1,350 kg/m3, the calculated eruption rates increase by two 
orders of magnitude. Thus, constraining the density to a reasonable value is important. We find it unlikely 
that basalts—and possibly more mafic compositions for some flows—erupted at densities lower than 25% 
below our input values, especially if ascending Martian magmas are believed to exsolve volatiles at greater 
depths (e.g., Wilson & Head, 1983). Thus, we believe that a value of 2,700 kg/m3 is reasonable.
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Basalts solidify over a range of temperatures (800–1100°C) due to assemblage of minerals, which solidify at 
different temperatures. Previous studies have used a variety of values for the solidification temperature, in-
cluding the glass transition temperature (737°C) (Hon et al., 1994). Ψ is extremely sensitive to temperature so 
inputting the best approximation is crucial to obtaining a good value. Varying the solidification temperature 
by ±50°C changes the output of effusion rates by 1–2 order of magnitude. Using the glass transition temper-
ature as the solidification temperature is unreasonable for our application. For starters, most basalt flows 
have already ceased to flow by the time they drop to ∼737°C even if the interior of the flow remains relatively 
warm (e.g., Belousov et al., 2015). The outer crust experiences brittle deformation as the temperature drops 
from 1070°C to 800°C (e.g., Hon et al., 1994). This is not the same as solidification of the melt, but it can have 
a similar effect of ceasing flow motion. Solidification temperatures of 850–1000°C are more consistent with 
field observations and have been used in other studies (e.g., Belousov et al., 2015; Rowland et al., 2004; Vicari 
et al., 2007). A value of 900°C is close to values which have been cited as the solidification temperature of 
basalt—or rather, the temperature at which flow motion tends to cease for basalts. The eruption temperature 
must also be estimated. Basalts erupt between 1100 and 1250°C. We selected a value of 1150°C, not atypical 
for Hawaiian basalts. Varying the eruption rate ±50°C typically changes the calculated effusion rates by a ≤ 1 
order of magnitude. The difference in eruption rates as a function of temperature is a function of the ability of 
a hotter flow at a lower flow rate to produce the same Ψ morphology as a cooler flow at a higher flow rate. This 
is due to the competing forces of heat transport through the surface versus advection of heat described by 
Ψ. Nevertheless, the solidification temperature chosen for Martian lava flows was applied to terrestrial flows 
to see if the eruption temperature range yielded effusion rates observed in nature. For example, assuming a 
solidification temperature at Martian conditions of 900°C, an eruption temperature of 1150°C, and a density 
of 2,700 kg/m3, a channelized flow (high Ψ regime) with limited crust cover would erupt at 1,400–9,600 m3/s. 
That same flow, erupted under terrestrial conditions (273 K) would erupt at 17–115 m3/s. Both estimated 
ranges are reasonable and have been observed in terrestrial flows in nature at similar temperatures, albeit the 
Mars range would include some of the highest eruption rates observed on Earth (e.g., Walker, 1973).

Ambient conditions—while easily controlled for in the lab—must be approximated for Mars. The variables 
to be considered are atmospheric density, kinematic viscosity, thermal diffusivity, thermal expansion, heat 
capacity, and temperature. Of these variables, density and temperature are the easiest to estimate given the 
suite of instruments in orbit and on the surface of Mars. Thus, our values for density and temperature are 
backed by considerable data collection (e.g., Christensen et al., 2004). We selected an ambient Mars surface 
temperature of 180 K (−93°C) for Tharsis, which is reasonable given its higher elevation and consistent 
with THEMIS observations. Increasing the ambient temperature by 30°C reduces the calculated effusion 
rates by 17%–30%, whereas decreasing the ambient temperature by 30°C increased the calculated effusion 
rates by 27%–33%. Regardless, these changes do not significantly alter the results and implications of our 
study. Varying the atmospheric density by up to two orders of magnitude changed our results by only ∼1%. 
However, due to a limited understanding of the dynamics and properties of the Martian atmosphere and 
uncertainty about the properties of the atmosphere at the time of lava flow emplacement, the kinematic 
viscosity, thermal diffusivity, thermal expansion, and heat capacity are less certain. We pulled our used 
values primarily from value tables and websites that approximate the Martian atmosphere as 100% CO2 (the 
Martian atmosphere is 96% CO2) and treat it as an ideal gas (e.g., Crane Company, 1988; CRC, 1984; NASA 
Mars Fact Sheet, 2020). These values, and their small magnitudes, do not majorly impact Ψ.

Another simplification inherent in Ψ is the application of a single dimensionless parameter to describe a 
single lava flow, which is inherently complex and evolving during its emplacement (e.g., Gregg & Kesz-
thelyi, 2004). In fact, Ψ can vary depending on scale. For example, at the macroscale (kilometers), a chan-
nelized lava flow has a high Ψ, but at the meter-scale the same flow may have a low Ψ, especially near the 
flow margins where flow rate is low and cooling is more rapid. As a result, it is important to treat Ψ as a 
range of values assigned to a flow that characterize its average behavior. Because a single value cannot be 
assigned to a natural flow (unless all variables are known at the level of a laboratory experiment), the Ψ 
morphology of a flow is assumed to have been possible over a range of values. An added complexity lies 
in the fact that Ψ morphologies occur on a continuum, which can make introduced uncertainty when as-
signing Ψ ranges to flows with transitional morphologies. However, laboratory experiments and natural 
observations show that a dominant morphology is usually produced when a wax or lava flow is erupted and 
that dominant morphology reflects the general eruptive conditions and can be used to assign a Ψ regime to 
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the flow. Localized changes in morphology may occur due to reduced flow rates, increased viscosity, and so 
on and can result in a lower local Ψ, but these conditions are usually on a scale smaller than the entirety of 
the flow. On Mars, the vast majority of the observed lava flows exhibit a dominant morphology over most of 
their lengths. A few lava flows displaying transitional morphologies were observed as well, but were easily 
identifiable as displaying more than one Ψ regime.

6. Results
6.1. Classification of Qualitative Flow Morphologies

6.1.1. Channelized Flows—High Ψ

Channelized lava flows—a common feature of either high-volume eruptions or flows emplaced on steep 
slopes—are widely observed on the plains and shield volcanos of the Tharsis volcanic province (e.g., Baloga & 
Glaze, 2008; Carr, 1973, 1974; Greeley & Spudis, 1981). These flows are characterized by clearly defined (usu-
ally wide) channels and prominent levees (Figure 5a). The sources of these flows are obscured by the superpo-
sition of later flows and the termination of the flow is marked by a reduction of channel visibility and the fan-
ning out of the flow into a smooth, featureless flow surface. Of the 40 lava flows in this study, 27 are considered 
channelized flows. Thirteen of these flows display the self-replicating morphology described in Baloga and 
Glaze (2008). Channelized lava flows tend to be smaller in length and width on central volcanoes than in the 
volcanic plains, and generally appear to correspond to the high Ψ regime and, in the lab, are produced on slopes 
>5° or on shallower slopes at high eruption rates (Gregg & Fink, 2000; Peiterson & Crown, 1999; Peters, 2020).

6.1.2. Corrugated (Folded) Flows—Intermediate Ψ

Corrugated flows—which are analogous to the fold morphology observed in PEG wax experiments performed 
in the laboratory—are a variation of channelized flows (Fink & Griffiths, 1990, 1992; Gregg & Fink, 2000). 
Typically, these flows display a broad, open channel and clearly defined levees. However, the inside of the 
channel and terminus of the flow is characterized by a corrugated surface texture (Figure 5b), interpreted to 
be the physical manifestation of compression ridges on the surface crust. This texture has also been observed 
on submarine and subaerial terrestrial flows. Keszthelyi et al. (2004) argued lava flows erupted during the Laki 
eruption 1783–1784 that display a corrugated texture have surfaces of rubbly pahoehoe and are evidence of un-
steady eruption conditions. In this study, these flows are observed on Olympus Mons and in the volcanic plains 
surrounding Ascraeus Mons. Of the 40 lava flows observed in this study, five display this morphology. Of those 
five, four display a transitional morphology between channelized and corrugated flows. The same behavior has 
been observed in the laboratory and, in those cases, intermediate Ψ value ranges corresponding to transitional 
morphologies were assigned (Fink & Griffiths, 1990, 1992; Gregg & Fink, 2000). This is consistent with the 
observations by Keszthelyi et al. (2004), which if assuming the surface texture of these flows implies unsteady 
eruption conditions, would imply a lower mean Ψ than channelized flows not displaying a corrugated texture.

6.1.3. Smooth Flows—Very High or Low Ψ Morphology

Many lava flows on Mars display a smooth, featureless texture that some believe represent sheet flows em-
placed by high eruption rates and/or low viscosity lavas, although some of these flows might instead repre-
sent inflated pahoehoe flows (e.g., Bleacher et al., 2017; Hon et al., 1994). In our study, we avoided entirely 
smooth lava flows due to an inability to distinguish between those flows which might represent wholesale 
emplacement at high eruption rates and those which might have been emplaced as pahoehoe flow fields 
that have undergone inflation. Nonetheless, two of the flows in our study, found in the volcanic plains, dis-
play smooth textures along certain lengths of the flow. In these instances, a long-channelized portion of the 
flow is also observed, and we therefore interpret these flows as transitional between channelized and sheet 
flows corresponding to high/very high Ψ values.

6.1.4. Lava Ridge Flows—Low Ψ on Slopes

Lava ridges have been observed on and around central volcanoes, specifically Olympus Mons and in the 
apron associated with Ascraeus Mons (e.g., Bleacher, Greeley, Williams, Cave, & Neukum, 2007; Bleach-
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Figure 5. Examples of the three predominant flow morphologies observed in this study. All images are CTX. (a) Channelized flow (b) corrugated flow (c) 
ridge flow, denoted by white arrows. North is up in all images. The channelized flow has likely experienced drain out leaving behind a relatively smooth inner 
channel and raised levees. The ridge flow is likely a channelized flow that has roofed over—a tube-fed flow. Ridge flows are observed on Olympus Mons, 
Ascraeus Mons, and Alba Mons (Bleacher, Greeley, Williams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; Sakimoto et al., 1997).
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er, Greeley, Williams, Werner, et al., 2007; Sakimoto et al., 1997). These features have been interpreted as 
tube-fed flows, or lava tubes. Lava ridges generally produce a broad triangular shaped rise in cross-section. 
Skylights are observed on some of the ridges, where portions of the roof have collapsed into the void space 
below. We interpret the tube-fed flows as being associated with low Ψ values, since analogous features have 
been reproduced in the lab on a slope at low Ψ values. Six of the 40 studied flows are classified as lava ridges.

6.2. Flow Geometries

We measured the dimensions—length, width, and thickness—of 40 lava flows in the Tharsis volcanic prov-
ince on Mars. Using these flow dimensions, we calculated flow volumes. Flows occurred in three subre-
gions: on central volcanoes (i.e., Olympus Mons and Ascraeus Mons apron), in close proximity to central 
volcanoes (i.e., Olympus Mons and Ascraeus Mons), and in the volcanic plains of Tharsis. The 40 lava flows 
ranged in length from ∼15 to 314 km. The longest flows occurred in the volcanic plains. Mean flow widths 
ranged from ∼0.5 to 29 km, with the narrowest flows occurring on Olympus Mons. Flow thicknesses ranged 
from ∼11 to 91 m. Flow areas and volumes ranged from ∼14 to 11,000 km2 and ∼1 to 440 km3, respectively 
(Figure 6). The smallest flows in areal extent and volume are observed on Olympus Mons and Ascraeus 
Mons apron, while the largest flows occur in the volcanic plains of Tharsis surrounding the Tharsis Montes 
and Daedalia Planum. The lava flows were emplaced on slopes ∼0.3–6.6°, with the steepest slopes occurring 
on the flanks of Olympus Mons. Slopes in the volcanic plains typically ranged from ∼0.3 to 1°.

6.3. Rheological Analyses

The methods described above in 4.2.1 were applied to 34 of 40 lava flows. Resulting volumetric flow rates 
or effusion rates ranged from 3 × 102 to ∼3.5 × 104 m3/s (Table 2). Higher effusion rates were estimated for 
the intermontane volcanic plains and Daedalia Planum, while lower effusion rates were estimated for flows 
associated with Olympus Mons and to a lesser extent Ascraeus Mons. We calculated effective flow viscosi-
ties of ∼104–107 Pa s and yield strengths of ∼800–3 × 104 Pa. Viscosities and yield strengths were highest for 
flows observed on Olympus Mons and lowest for those in the volcanic plains. Modeled emplacement times 
for the lava flows ranged from 9 days to ∼1 year.

6.4. Application of Ψ

We used assigned Ψ values to calculate eruption rates and emplacement times for all 40 lava flows. Assum-
ing a solidification temperature of 900°C and an eruption temperature of 1150°C, calculated effusion rates 
using Equations 3 and 4 ranged from 0.3 to 18,000 m3/s (Table 3). Effusion rates corresponding to each 
morphology are: smooth-levee flows (∼12,000–18,000  m3/s); levee flows (1,800–12,000  m3/s); levee-fold 
flows (1,100–1,800 m3/s); folded flows (65–1,100 m3/s); rift, or tube-fed, flows (0.3–40 m3/s). The dynamic 
viscosity was an input instead of an output in this model, and we used a value of 270 Pa s at an assumed 
density of 2,700 kg/m3 (Hon et al., 1994; Nichols, 1939). Yield strengths are not an output of Ψ and were 
not calculated via this method. Emplacement times range from ∼8 h to 1,500 years. The largest emplace-
ment times (120–1,500 years) were exclusively for the lava ridge flows and were calculated using the lowest 
effusion rate of the range – 0.3 m3/s. If the higher end of the range for lava ridges is used (40 m3/s), the 
emplacement times for lava ridges are ∼1–11 years. If lava ridges are removed the emplacement times range 
from ∼8 h to 5 years.

6.5. Self-Replicating Lava Flow Model

The self-replication model as outlined by Baloga and Glaze (2008) was applied to 13 qualifying flows to cal-
culate effusion rates and emplacement times as described above. Viscosities were then calculated by treat-
ing the lava as a Newtonian fluid and using Jeffrey's equation (Equation 2). Yield strengths were calculated 
by treating the flow as a Bingham fluid (Equation 4). Modeled effusion rates are ∼30–∼1,200 m3/s (Table 4). 
Eruption rates were highest for lava flows observed in the volcanic plains. Viscosities ranged from 4.5 × 106 
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Figure 6. Volumes are expressed as a function of flow length and area covered. AM = Ascraeus Mons; OM = Olympus 
Mons; DP = Daedalia Planum; CRB = Columbia River Basalts. (a) The calculated volumes and area covered of the 
40 lava flows observed in this study are plotted along with the 1983–1984 Pu'u O'o lava flows (Wolfe et al., 1987) and 
Columbia River Basalt (Self et al., 1997). The smallest flows are not too dissimilar to the Pu'u O'o lava flows, while the 
largest flows are similar in size and volume to those erupted in the Columbia River basalts. (b) Measured flow length 
is plotted as a function of calculated volume for 40 lava flows on Mars and are compared to terrestrial flows in Hawai'i. 
The bulk of Martian flows are longer and volumetrically larger, however, a subset of flows primarily related to central 
volcanoes overlap in length with Mauna Loa flows. Power law relationships (blue line—terrestrial; orange line—Mars) 
for Hawaiian lava flows are compared to the Martian lava flows. According to Malin (1980), an exponent equal to 
0.5 indicates both length and cross-sectional area of the flows are controlled by volume. The Mars lava flows have an 
exponent ∼0.4 indicating length and cross-sectional area are largely controlled by volume.
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Calculations using Graetz number and Jeffrey's equation

Flow 
#

Eruption 
rate 

(m3/s)
Viscosity 

(Pa-s)

Yield 
strength 

(Pa)

Change in 
eruption rate 

(G = 230/370)

Change in 
viscosity 

(G = 230/370)

Change in 
yield strength 

(ρ = −25%/−50%)

Change in 
viscosity 

(ρ = −25%/−50%)

1 1.7E+03 9.4 × 104 7.7 × 102 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

2 1.9E+04 2.1 × 106 3.1 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

3 3.5E+04 9.4 × 105 2.2 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

4 6.0E+01 7.4 × 107 3.1 × 104 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

5 2.5E+02 1.4 × 106 1.3 × 104 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

6 3.4E+02 3.3 × 107 1.8 × 104 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

7 4.0E+03 7.9 × 105 2.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

8 2.9E+03 1.4 × 105 9.3 × 102 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

9 2.8E+03 1.4 × 106 3.1 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

10 3.7E+03 2.5 × 106 4.3 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

11 4.0E+03 6.9 × 106 4.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

12 1.7E+04 4.6 × 106 6.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

13 1.2E+04 9.0 × 105 3.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

14 6.2E+03 1.3 × 106 3.8 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

15 3.5E+03 1.6 × 105 2.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

16 5.0E+03 1.6 × 105 2.8 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

17 4.2E+03 2.0 × 105 1.9 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

18 6.6E+02 9.5 × 105 2.0 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

19 2.1E+03 1.2 × 106 3.5 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

20 4.8E+03 3.8 × 106 3.3 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

21 7.9E+03 3.4 × 106 3.4 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

22 1.5E+02 1.1 × 107 1.4 × 104 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

23 -

24 3.0E+02 7.0 × 106 1.5 × 104 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

25

26

27

28

29

30 1.6E+03 3.0 × 106 2.3 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

31 2.5E+02 2.0 × 107 7.5 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

32 2.3E+03 2.8 × 106 3.4 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

33 2.2E+03 3.2 × 106 4.1 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

34 1.6E+03 1.3 × 106 2.8 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

35 2.9E+03 2.1 × 105 2.2 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

36 4.0E+02 1.6 × 105 1.3 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

37 8.2E+02 2.1 × 105 1.7 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

38 5.2E+03 1.8 × 105 1.7 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

Table 2 
Eruption Rates and Rheological Properties of 34 Lava Flows on Mars Using a Graetz Number of 300 and Jefferey's 
Equation
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to ∼3 × 107 Pa s and yield strengths ranged from ∼103 Pa to 3.6 × 104 Pa. The time of emplacement for these 
flows ranges from 4.5 months to 9 years. No appreciable difference in viscosity or emplacement time was 
observed between the Tharsis subregions.

7. Discussion and Implications
7.1. Martian Volcanism

7.1.1. Volumes, Extent, and Distribution of Lava Flows

Martian volcanism has decreased in spatial extent and frequency. According to a number of studies that have 
used crater counts, geomorphology, and modeling, the bulk of Martian volcanism occurred >3 Ga during the 
Noachian and Early Hesperian (e.g., Plescia, 2004; Tanaka et al., 2014; Werner, 2009). Early volcanic activity 
consisted of plains-style volcanism, possible explosive eruptions, and the construction of the large shields 
(e.g., Carr, 1973, 1974; Plescia, 2004). As Mars has cooled over time, the number of volcanoes erupting and 
the volumes of erupted magma have decreased (e.g., Bleacher, Greeley, Williams, Cave, & Neukum, 2007; 
Bleacher, Greeley, Williams, Werner, et al., 2007; Greeley & Spudis, 1981; Werner, 2009; Xiao et al., 2012). The 
flows in our study are among the most recent examples of effusive volcanism in the Tharsis volcanic province 
and on Mars. Studies by Tanaka et al. (2014) and Werner (2009) suggest that these flows were emplaced in 
the Late Amazonian and range in age from 10 to 100s of millions of years old. There is some variability in 
age among sub-regions within Tharsis. The flows on the flanks of Olympus Mons and Ascraeus Mons are 
∼100–700 Ma and 100–800 Ma, respectively, with localized areas <50 Ma while the aprons emanating from 
Ascraeus Mons aprons are ∼1 Ga (e.g., Neukum et al., 2004; Werner, 2009), compared to the flows in the 
volcanic plains that likely range in age from <100 to 400 Ma (e.g., Hauber et al., 2011). The volumes of erup-
tions are also less on Olympus Mons and the Ascraeus Mons apron relative to the volcanic plains (Bleacher, 
Greeley, Williams, Cave, & Neukum, 2007; Bleacher, Greeley, Williams, Werner, et al., 2007; this study).

Figure 6a shows the area covered by our flows in km2 versus their volumes in km3. It is important to note 
that these flow area and volume estimates represent minima as the sources of the flows are no longer visible 
and portions of some flows have been covered by subsequent flows, thus the full length of the flows and 
areal extent cannot be ascertained. In terms of volume and corresponding area, flows associated with the 
central volcanoes of Ascreaus Mons (AM) and Olympus Mons (OM) (denoted by stars) are distinct from 
and smaller than flows associated with plains volcanism (squares). A similar relationship can be seen in 
Figure 6b where lava flow length (km) is shown against total volume.

In Figure 6a, we also compare the Mars flows to well-documented terrestrial flows. We first note that in 
terms of volume/area, the Mars flows follow the same trend as terrestrial flows and sit directly between Ha-
waiian flows (Pu'u O'o, 1983–1984, Wolfe et al., 1987) and flows from the Columbia River Basalts (CRB, Self 
et al., 1996). Further, the OM and AM flows sit close to the Pu'u O'o flows whereas the plains flows extend 
over a greater range, reaching but not overlapping with the CRB flows. We also note that the plains flows 
are longer than flows erupted from central vents (Figure 6b).

In Figure 6b, we note that the relationship between volume and length follows a power law for both ter-
restrial and Mars flows. The terrestrial flows follow a relationship with a power-law exponent of roughly 
0.5. According to Malin (1980), a power-law exponent of 0.33 would indicate that flow length, width, and 
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Table 2 
Continued

Calculations using Graetz number and Jeffrey's equation

Flow 
#

Eruption 
rate 

(m3/s)
Viscosity 

(Pa-s)

Yield 
strength 

(Pa)

Change in 
eruption rate 

(G = 230/370)

Change in 
viscosity 

(G = 230/370)

Change in 
yield strength 

(ρ = −25%/−50%)

Change in 
viscosity 

(ρ = −25%/−50%)

39 3.1E+03 7.0 × 105 1.9 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

40 8.2E+03 9.7 × 106 5.8 × 103 −23%/+23% +30%/−19% −26%/−50% −26%/−50%

Note. Blank cells represent lava ridges, whose eruption rates cannot be estimated based on their morphology.
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Application of Ψ

Flow 
# Ψ morphology

Assigned 
Ψ range

Eruption 
rates (m3/s)

Changes in erupted 
temperature 
(−50/+50°C)

Changes in 
erupted density 
(−50%/−25%)

Changes in ambient 
temperature 
(−30/+30°C)

Changes in solidification 
temperature 
(−50/+50°C)

1 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

2 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

3 Very high-high (smooth-levees) 55–59 12,000–18,000 244%/−33% (+2/+1) +33%/−20% −85%/+900%

4 High-intermediate (Levee-Folds) 30–33 1,100–1,800 253%/−33% (+2/+1) +27%/−23% −86%/+810%

5 High-intermediate (levee-folds) 30–33 1,100–1,800 253%/−33% (+2/+1) +27%/−23% −86%/+810%

6 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

7 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

8 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

9 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

10 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

11 High-intermediate (levee-folds) 30–33 1,100–1,800 253%/−33% (+2/+1) +28%/−22% −86%/+810%

12 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

13 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

14 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

15 High-intermediate (levee-folds) 30–33 1,100–1,800 253%/−33% (+2/+1) +27%/−23% −86%/+810%

16 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

17 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

18 Intermediate (folds) 13–30 65–1,100 227%/−35% (+3/+1) +31%/−15% −85%/+920%

19 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

20 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

21 Very high-high (smooth-levees) 55–59 12,000–18,000 244%/−33% (+2/+1) +33%/−20% −85%/+900%

22 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

23 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

24 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

25 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

26 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

27 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

28 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

29 Low (ridge) 4–12 0.3–40 260%/−28% (+2/+1) +33%/−17% −83%/+1,000%

30 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

31 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

32 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

33 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

34 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

35 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

36 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

37 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

38 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

Table 3 
Eruption Rate Ranges for 40 Lava Flows on Mars by Based on Surface Morphology, Assigned Ψ Value, and Assumed Ambient and Flow Properties
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depth are equally controlled by (and proportional to) the volume erupted, whereas an exponent of 1 would 
indicate that the cross-sectional area of the flow does not vary with volume, and thus only the length is con-
trolled by volume. Malin (1980) interprets the exponent of 0.5 to indicate that both the length and cross-sec-
tional area (product of thickness and width) of the flows are controlled by the volume, and that length and 
cross-sectional area are mutually dependent. The Mars flows can be fitted by an exponent close to 0.4, again 
suggesting that volume controls both length and cross-sectional area, with the <0.5 exponent of the Mars 
flows probably reflecting the thicker and wider dimensions of the Mars flows relative to their terrestrial 
counterparts. This is likely a partial effect of Mars' lower gravity. Other possibilities include a wide range of 
substrate slopes and the viscosities that also control flow geometry in complex ways.

7.1.2. Model Results: Effusion Rate, Duration, and Rheology

Our calculated effusion rates allow differentiation among the subregions (Figure 7a), with the highest rates 
estimated for the plains regions (squares) and the lowest values estimated for Ascreaus and Olympus Mons 
(stars). Regions located between central volcanoes and volcanic plains (triangles) have intermediate effu-
sion rates. The application of the halting Graetz number (Gz = 300) and the self-replicating model of Baloga 
and Glaze  (2008) produce eruption rates for Ascreaus and Olympus Mons that match well to terrestrial 
values despite the much greater volumes of the Mars flows (Figures 7b and 7c, orange Xs vs. purple + s). 
Eruption rates for the plains regions on Mars exceed many Hawaiian eruption rates but are consistent with 
some of the highest eruption rates measured at the Pu'u O'o vent (1983–1984, Wolfe et al., 1987) and Mauna 
Loa (1984, Lipman & Banks, 1987). Lower eruption rates are estimated when flow morphology and mass 
allocation to levees are taken into account in the self-replicating model (Figure 7; Baloga & Glaze, 2008; 
Glaze & Baloga, 2006). Eruption rates obtained using Ψ morphologies span nearly the entire range of avail-
able terrestrial values and those obtained by the two other models, with the exception of the uppermost 
values calculated by assuming a halting Gz = 300. As stated previously, Ψ morphology assigned based on 
the preserved flow morphology. That value likely represents an average value, as the flow likely transitioned 
through different regimes along its length and through time. However, the dominant morphology—such 
as the very long, well-defined channel flows of Tharsis—is a fair indicator of general flow behavior and has 
been used frequently in the literature when reconstructing flow emplacement.

The flows on Olympus Mons and the Ascraeus Mons apron are smaller in areal extent and shorter than 
those observed in the volcanic plains of Tharsis and tend to be open channel flows, which may suggest 
short-lived, volume-limited eruptions (Bleacher, Greeley, Williams, Cave, & Neukum, 2007; Bleacher, Gree-
ley, Williams, Werner, et al., 2007). The variability in flow volume by subregion suggests different eruption 
conditions, specifically differences in subsurface pathways and magma sources. The volumetrically larger 
flows were likely erupted to the surface by large dikes and remained active for long periods of time (Fig-
ure 8), consistent with findings of Wilson and Head (1983). Meanwhile, the flows on Olympus Mons and 
proximal to Ascraeus Mons were likely emplaced by smaller subsurface conduits that were active for shorter 
periods of time consistent with findings of Bleacher, Greeley, Williams, Cave, & Neukum (2007), Bleacher, 
Greeley, Williams, Werner, et al. (2007), and Wilson and Head (1983). We also note that the largest of the 
Mars flows, given the measured volumes and calculated eruption rates, must have been active much longer 
than typical terrestrial flows from places like Hawaii (Figure 8), but may rather be akin to regions like the 
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Table 3 
Continued

Application of Ψ

Flow 
# Ψ morphology

Assigned 
Ψ range

Eruption 
rates (m3/s)

Changes in erupted 
temperature 
(−50/+50°C)

Changes in 
erupted density 
(−50%/−25%)

Changes in ambient 
temperature 
(−30/+30°C)

Changes in solidification 
temperature 
(−50/+50°C)

39 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

40 High (levees) 34–54 1,800–12,000 250%/−33% (+2/+1) +28%/−22% −85%/+844%

Note. Largest sources of uncertainty/error in eruption rates are provided. Ψ is heavily dependent on temperature, whose estimates produces the most uncertainty. 
Uncertainties for density changes are listed in orders of magnitude.
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Self-replication lava flow model (Baloga & Glaze, 2008)

Flow 
#

Yield 
strength 

(Pa)

Eruption 
rate 

(m3/s)
Viscosity 

(Pa-s)

Yield strength 
uncertainty 
(−50/25% 
density)

Eruption rate 
uncertainty 
(+25% flow 

length)

Viscosity 
uncertainty 

(−25%/+25% core 
thickness)

Viscosity 
uncertainty 
(+25% flow 

length)

1

2 3.4 × 103 1,200 9.5 × 106 −50%/−26% +20% −44%/+57% −20%

3 5.3 × 103 340 2.9 × 107 −50%/−26% +20% −44%/+57% −20%

4

5

6

7

8

9

10 4.6 × 103 53 3.2 × 107 −50%/−26% +20% −44%/+57% −20%

11

12

13

14 3.3 × 103 140 2.0 × 107 −50%/−26% +20% −44%/+57% −20%

15

16

17

18

19

20

21 7.9 × 103 290 1.5 × 107 −50%/−26% +20% −44%/+57% −20%

22 1.7 × 104 28 2.9 × 107 −50%/−26% +20% −44%/+57% −20%

23

24 3.6 × 104 27 1.5 × 107 −50%/−26% +20% −44%/+57% −20%

25

26

27

28

29

30 1.4 × 103 46 1.7 × 107 −50%/−26% +20% −44%/+57% −20%

31

32 2.7 × 103 240 1.6 × 107 −50%/−26% +20% −44%/+57% −20%

33 4.0 × 103 200 2.2 × 107 −50%/−26% +20% −44%/+57% −20%

34 2.0 × 103 51 1.0 × 107 −50%/−26% +20% −44%/+57% −20%

35 2.8 × 103 90 2.5 × 106 −50%/−26% +20% −44%/+57% −20%

36

37

38

Table 4 
Eruption Rates and Rheologic Properties of 13 Lava Flows on Mars Using the Self-Replication Model for Long Lava Flows
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Columbia River Basalts which are thought to have been active over long periods to generate voluminous 
fields; this is particularly likely for the Mars plains volcanism characterized here (Self et al., 1996).

7.1.3. Comparison to Previous Work

Our results are generally consistent with other studies: Hiesinger et al. (2007) calculated effusion rates for 
25 young flows on the eastern flank of Ascraeus Mons, resulting in a range of ∼20–∼400 m3/s, similar to 
values estimated for the central volcanoes in our study. On the other hand, our effusion rates for the lava 
ridges, interpreted as tube-fed flows (0.3–40 m3/s) fall at the very low end of the range proposed by Sakimoto 
et al. (1997) of 2–105 m3/s. Despite the long runouts of lava flows in the Tharsis region of Mars, our analysis 
shows that very high effusion rates of ∼105 m3/s are not required to explain the observed flows.

Earlier studies of Martian volcanism invoked ultramafic and other exotic compositions to explain the large, 
voluminous effusive eruptions preserved across the surface of the planet (e.g., Cashman et al., 1998; Gar-
ry et al., 2007; Sakimoto et al., 1997). While the ranges differ depending on the model, the viscosities of 
104–107 Pa s calculated in this study are consistent with a basalt to basaltic andesite composition, which is 
observed on all dust-free Martian surfaces (e.g., Rogers & Christensen, 2007). These viscosities are similar 
to those calculated for the 25 young lava flows observed (104–107 Pa s) by Hiesinger et al. (2007) and the 8 
lava flows observed in the volcanic plains of Tharsis (102–103 Pa s) by Hauber et al. (2011). The viscosity of 
some Columbia River Basalt and Deccan Trap lavas has been estimated to be 500 and 100 Pa s at the time of 
emplacement (e.g., Self et al., 1997, 2008).

The rheologic model results in slightly lower calculated viscosities, due to the estimate of effusion rate (Q) 
which could be an order of magnitude higher than reality because it assumes the entire flow front is active 
during the time of emplacement. Jeffrey's equation is particularly sensitive to the flow thickness. The flow 
thicknesses measured in our study are taken to be the maximum thickness, assuming erosion and gradation 
has not significantly altered the flow. The self-replication model produces viscosity values at the higher end 
of basalt (106–107 Pa s) and more congruent with basaltic andesite or a highly crystallized basalt. Baloga and 
Glaze (2008) obtained a value of 106 Pa s for one very long lava flow, which is the same flow as our Flow 2, 
for which we calculated ∼107 Pa s. The difference is due to differing flow lengths: Baloga and Glaze (2008) 
measured a 173 km flow length, whereas we measured 313 km for the same flow.

7.1.4. Implications for the Martian Climate

The contribution of effusive volcanism to climate has been a subject of open speculation for terrestrial and 
extraterrestrial systems, such that both total mass erupted and eruption duration play a role in controlling 
climate forcing (Figure 9; Black & Manga, 2017; Rader et al., 2017; Self et al., 1997). Although we acknowl-
edge the differences in the terrestrial and Martian atmospheres, we do think it worthy of a thought-provok-
ing exercise to bridge the terrestrial and planetary communities. Some of the eruptions represented by the 
lava flows in our study may have lasted for years or decades and the masses are on the order of very large 
terrestrial eruptions. The masses of individual flows calculated in our study are less than that of complete 
members in terrestrial large igneous provinces, but some calculated masses, especially those in the volcanic 
plains, do overlap with other eruptions that had significant global impacts on Earth, consistent with up to 2° 
of global cooling. While large igneous provinces typically erupt over millions of years on Earth, the Tharsis 
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Table 4 
Continued

Self-replication lava flow model (Baloga & Glaze, 2008)

Flow 
#

Yield 
strength 

(Pa)

Eruption 
rate 

(m3/s)
Viscosity 

(Pa-s)

Yield strength 
uncertainty 
(−50/25% 
density)

Eruption rate 
uncertainty 
(+25% flow 

length)

Viscosity 
uncertainty 

(−25%/+25% core 
thickness)

Viscosity 
uncertainty 
(+25% flow 

length)

39 1.4 × 103 110 4.5 × 106 −50%/−26% +20% −44%/+57% −20%

40

Note. Uncertainty estimates are also included (Baloga & Glaze, 2008).
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Figure 7. AM = Ascraeus Mons; OM = Olympus Mons; DP = Daedalia Planum. (a) Relationship between eruption 
rate and area covered. The Mars flows are compared to flows erupted during the 1983–1984 Pu'u O'o eruption in 
Hawai'i (Wolfe et al., 1987) and the Columbia River Basalts (CRB). Large symbols denote values derived using 
self-replication model for long lava flows. Small symbols indicate values calculated using Graetz number. Stars 
indicate values obtained for central volcanoes. Navy blue line denotes minimum areal extent of CRB flows from Self 
et al. (1997). This data supports the conclusion that eruption rates are controlled by subregions, with higher eruption 
rates calculated for the volcanic plains than central volcanoes. In general, the self-replication model produces lower 
eruption rates than using the Graetz number. (b) The relationship between eruption rate and total erupted volume. The 
eruption rates for the Mars lava flows are comparable to terrestrial values. The highest eruption rates calculated for 
Mars are similar to the highest values observed on Earth during the Mauna Loa eruption of 1984. Although the lower 
volume estimates are similar to those observed on Mauna Loa, most of the flow volumes are 2–4 orders of magnitude 
greater. (c) Figure modified from Walker (1973). Log-log plot shows the length of lava flows as function of the eruption 
rate for terrestrial lava flows at Mauna Loa and Kilauea. Superposed on that figure are the eruption rates calculated 
using the three models in this study. Orange X's are calculated eruption rates using Graetz number. Purple +'s are 
eruption rates calculated from self-replication model. Shaded gray box represents ranges of eruption rates calculated 
using Ψ.
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volcanic province has produced volcanic eruptions over billions of years (e.g., Self et al., 1996, 1997, 2008; 
Sheth, 2006; Tanaka et al., 2014; Werner, 2009), possibly enhancing their capacity for atmospheric forcing. 
And, the high altitude of the eruptions at Tharsis may have further enhanced their ability to produce climat-
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Figure 7. Continued
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Figure 8. The calculated volume of Mars lava flows is compared to terrestrial flows as a function of duration of 
emplacement. Black circle contains Mars flows associated with central volcanoes, whereas remaining flows were 
produced in the plains. The Mars lava flows are much larger in volume—although some values are similar to Mauna 
Loa—and erupted over greater lengths of time. This suggests that feeder dikes and other pathways necessary to 
producing these flows remained active and open for longer periods than pathways on Earth.
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ic impacts (e.g., Sheth, 2006). Whether or not those eruptions were continuous or volumetrically significant 
enough to impact the atmosphere remains an open question, although our analysis demonstrates that indi-
vidual flows in Tharsis are at the very least of the scale of large terrestrial eruptions that caused short term 
changes to global climate.

8. Conclusions
This study produced volumes, effusion rates, viscosities, and emplacement times for 40 lava flows in the 
Tharsis volcanic province on Mars. The results have direct implications for recent volcanism on Mars, lava 
composition, and the plumbing of the Martian subsurface. Sub-regional differences in flow volumes across 
the Tharsis volcanic province suggest different magma sources and subsurface plumbing conditions for 
central volcanoes and lava plains. Drawing from these analyses, we conclude the following:

1.  The lava flows observed in this study are of considerable area and volume relative to typical terrestrial 
lava flows. Some of the larger lava flows are similar in magnitude to flows, or sequences of flows, erupted 
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Figure 9. Mass of observed Martian flows and emplacement times are compared with notable terrestrial eruptions. 
Blue box represents Graetz number minimum eruption durations, while red box represents self-replication model 
eruption durations. Yellow box represents eruption durations for full range of Ψ derived eruption rates. While the 
Martian and terrestrial atmospheres are wholly different, it is intriguing to speculate on the potential impacts of the 
mass of observed material erupted in this study. Modified from Black and Manga (2017).
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in Large Igneous Provinces. In general, these lava flows are thicker and/or wider for a given length than 
terrestrial flows.

2.  The lava flows observed in this study do not require extremely high volumetric flow rates or exotic lava 
compositions. The observed lava flows can be produced by volumetric flow rates at the higher end of 
documented terrestrial values and nonexotic lava compositions with viscosities and yield strengths sug-
gestive of basalt and basaltic andesite compositions.

3.  A key difference between the observed Martian lava flows and terrestrial flows is the longer-lived erup-
tions capable of producing individual lava flows of remarkable length and volume in relatively recent 
Martian history.

4.  Olympus Mons has produced volumetrically smaller eruptions than the sources of lava flows in the 
volcanic plains, suggesting either shorter lived eruptions, smaller dikes, and/or a smaller magma source.

Data Availability Statement
Data sets for this research are archived in the ASU Library Digital Repository and are included 
in this paper (and its Supplementary Information files): Peters  (2020) (https://search.lib.asu.edu/
permalink/01ASU_INST/1o1u1i6/alma991048581851403841).
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