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Introduction: In pioneering work, [1,2] showed 

that the margin geometry of fresh basaltic flows could 

be quantified by the fractal dimension, and that this di-

mension could help constrain a lava flow’s morphologic 

type (e.g., ‘a’ā or pāhoehoe). This type, in turn, provides 

insights into the dynamics, rheology, and effusion rate 

of the flow at the time of its emplacement [3–5].  

Moreover, [1,2] showed that even scales resolvable 

from orbit could support fractal analysis of flow mar-

gins, suggesting that such analysis could provide a 

windfall for planetary volcanology in general [6]. 

However, [1,2] developed this interpretive frame-

work primarily from field-scale observations of young 

lava flows on level substrates without significant man-

tling or confinement [1,2]. Planetary lava flows, in con-

trast, are often older and mantled, and they are typically 

observed at coarser scales. Additionally, evaluating the 

topographic context and post-emplacement modifica-

tion of these flows is complicated by the paucity of both 

topographic data and ground truth. It is therefore essen-

tial to understand how such factors affect the measured 

fractality of flow margins before the full potential of this 

technique can be realized in planetary applications [7]. 

Previously, we reported preliminary results in our 

exploration of these factors [8], and more recently, we 

demonstrated that lava flow margins are multifractal ra-

ther than monofractal [9]. That is, a margin’s fractal di-

mension varies significantly with the scale of measure-

ment. This new multifractal framework fundamentally 

alters how margin fractality is interpreted. 

We hypothesize that as sediments mantle a flow and 

progressively shift the margin inward, that margin’s 

scale-dependent fractality evolves, and that this evolu-

tion can be used to characterize the mantling process, 

including, potentially, the depth of the deposits. 

Methods: In the field, we delineated the west mar-

gin of a late-formed lobe [10] of the 2014–2015 Ho-

luhraun flow field (Iceland) in two different years (Fig. 

1). The flow was fresh in 2015 but by 2019, the margin 

had locally shifted inward by tens of meters due to sed-

imentation, including sand ramps up to ~3 m tall. The 

2019 margin therefore represents the outermost contin-

uous subaerial margin that we could identify that year. 

We also projected isopachs (contours of equal-thick-

ness deposits) to model the evolution of the late-formed 

lobe’s margin under flood-like sedimentation using a 20 

cm/pixel digital elevation model from 2016 (Fig. 2). 

Because lava margins are multifractal, we explicitly 

consider how � varies with scale and call the resulting 

plot a fractal spectrum (Figs. 1d and 2c). Note that � 

measures the change of margin smoothness/tortuosity 

across a scale range. A high � implies rapid smoothing 

with increasing scale across that range whereas a low � 

implies similar smoothness/tortuosity across the range. 

Results:  Compared to the 2015 results, the 2019 re-

sults and those for the 0.5–2-m model isopachs have 

systematically higher � values at the measured scale 

ranges. These results and those for the 3-m model iso-

pach also have broadly similar spectral shapes, except 

that � values gradually decrease at scale ranges above 

~6–96 m for the 0.5- and 1-m model isopachs. 

For the 3–5-m model isopachs, the fractal spectra at 

fine scale ranges progressively bend to lower � values 

with greater deposited thickness until even the coarsest 

scales are depressed. 

Fig. 1. (a) Portion of 2014–2015 Holuhraun flow field, 

Iceland. Margin intervals from 2015 (black) and 2019 

(magenta) on a 2015 image. (b) Subset of (a). (c) Same 

as (b) on a 2016 image. (d) Fractal spectra of margin 

intervals in (a). Scale bars are 50 m (a) and 25 m (b). 
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Discussion: We interpret sedimentation at Ho-

luhraun to evolve the fractal spectra in three phases. 

In phase one, corresponding to the 0.5- and 1-m iso-

pachs, the margin shifts inward and lies on the rough 

edges of the lobe, enhancing fine-scale tortuosity. How-

ever, at coarser scales, the shifted margin changes less 

and continues to mimic the shape of the original margin. 

Consequently, the fractal spectrum is systematically 

shifted to higher � values, but this shift is less pro-

nounced at the coarsest measured scales (>14–224 m). 

In phase two, corresponding to the 2- and 3-m iso-

pachs, the margin shifts further inward. At intermediate 

scales, it only loosely follows the original margin and 

instead approximates a tortuous topographic contour of 

the rugged surface on which it lies. Indeed, if that sur-

face is self-affine, as natural topography frequently is, 

this self-affinity may explain this phase’s nearly flat 

fractal spectra at the coarsest measured scales [11]. 

The increase in intermediate-scale tortuosity de-

presses � values at fine scales (<6–96 m) but increases 

� values at coarse scales (>10–160 m) relative to phase 

one. Late in phase two, the margin occasionally follows 

fractures along the edge of the lobe’s top surface, further 

depressing tortuosity and � values at fine scales. 

Across phase three, the margin is progressively 

shifted onto the lobe’s top surface (bottom of Fig. 2b). 

It therefore approximates a contour of this surface. Be-

cause the lobe’s top surface is smoother than its rubbly 

and spiny edges, this contour is also smoother at fine 

and intermediate scales. � values are consequently 

lower at these scales. 

The mapped 2019 margin typically lies between the 

2- and 3-m isopachs. Its fractal spectrum also plots near 

the 3-m isopach spectrum through 6–96 m but has lower 

� values at coarser scales (Fig. 2c). We are investigating 

this coarse-scale behavior but presently speculate it may 

be due to noise [9] and/or sand ramp dimensions. 

Conclusions and Future Work: We previously 

identified steep substrates and topographic confinement 

as factors that can depress a margin’s � below that ex-

pected for a flow of the same type on a flat substrate [9]. 

The increase in � due to mantling that we report here 

further complicates the interpretation of flow type from 

a single � measurement in the absence of ground truth. 

However, the greater detail provided by fractal spec-

tra suggests that our new multifractal technique may 

provide unique value when interpreting planetary lava 

flows from remotely-sensed images, including estima-

tion of mantling sediment depth. We will explore this 

possibility in future work. 
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Fig. 2. (a) Lobe of 2014–2015 Holuhraun flow field, 

Iceland on a 2016 image. Lines are 2015 margin and 

modeled isopachs. (b) Subset of (a). (c) Fractal spectra 

of margin intervals in (a), plus 2019 spectrum from 

Fig. 1d (magenta). 
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