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Motivation

Geologic Background
San Rafael Volcanic Field,

Central Utah

Laser Scanning Volcanics

Volcanic and sedimentary materials may be discriminated at very high 
resolution with the use of Light Detection and Ranging (LiDAR). LiDAR 
produces a three dimensional point cloud, where each point has an asso-
ciated return intensity. High resolution, bare earth digital elevation 
models (DEMs) can be produced after vegetation is identi�ed and re-
moved from the dataset. The return intensity at each point can enable 
classi�cation as either sedimentary or volcanic rock.

Three surveys have been carried out since 2010.

1. A 2010 Terrestrial LiDAR survey mapped conduits, sills and dikes in the 
southern Cedar Mountain area (see large map). The footprint is about 2 sq. 
km.

2. A 2012 Terrestrial LiDAR survey concentrated on a single large conduit 
in the northern central region of the dike swarm. The footprint is about 1 
sq. km.

3. A 2013 Aerial Laser Scanning Mission was �own by NCALM to tie the 
previous campaigns together and to image low lying topography that TLS 
instruments are ill-equiped to scan. The footprint is 50 sq. km.

The San Rafael Swell, central Utah, USA hosts an exposed sill and dike 
swarm which served as the magmatic plumbing system of a Pliocene-
aged monogenetic volcanic �eld. Alkali diabase and shonkinitic sills and 
dikes in this region intruded into Mesozoic sedimentary units of the Colo-
rado Plateau and now make up the most erosion resistant units, with sills 
forming mesas, dikes forming ridges, and volcanic conduits forming the 
core of small peaks.

The volcanic rocks have been dated to be between 3.7-4.6 Ma, and have 
been connected to eroded lava �ows tens of km away from the swarm. 
Stratigraphy between the �ows and the current swarm exposure indicates 
rapid erosion in the last 3 million years. The approximate original depth of 
the currently exposed swarm is estimated to be 800 meters.

Dikes generally trend NNW-NNE and likely exploit previously created joint 
sets. The deviatoric stress of the region during intrusion might have there-
fore been minimal.

This study directly observes and models a magma plumbing system of an 
extinct distributed volcanic �eld in Utah, USA. High-precision laser 
scanning is used to identify features and processes that make up and 
produce a volcanic �eld. The wealth of 3D data collected in this study area 
enables the reconstruction of intrusive features that were emplaced 
roughly 3.7-4.6 million years ago. 

Heat �ow models for volcanic systems on other planets rely on sur�cial 
data, such as extrusive volume estimates and indirectly estimated 
subsurface properties. The reconstruction of a magma plumbing system 
from direct �eld measurements can be useful to constrain the less well 
known subsurface processes of distributed volcanic �elds. The lack of 
highly eroded dike swarms on Mars and Venus make a terrestrial dike 
swarm a valuable analog for understanding plumbing systems under 
volcanic �elds around the Solar System.

LiDAR Data
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Laser scanning from the three campaigns were processed to produce gridded digital elevation 
models (above) and point clouds (below). The combined data set has hundreds of millions of 
data points that have been coregistered to within 12 cm error. 

Rock type can be identi�ed by return intensity, texture,  and topography. As the terrestrial 
scanners were equiped with cameras, RGB can also be used to identify volcanic rocks. Vegetation 
is removed in aerial scans more easily due to multi-point return. Vegetation is removed in the 
terrestrial scans manually or by a lowest-point grid search.

The central focus of the 2012 
campaign was a large conduit 
neck, pictured here. The intensity 
values are colored so that cooler 
colors are vegetation and basalt 
and warmer colors are 
sedimentary units. Lighter color 
sedimentary units are baked by 
the intrusion. The thickness of 
this baked zone can be 
measured.

Reconstructing the Magma Plumbing System

Sills, dikes, and conduits are mapped in the �eld with GPS. Post-�eldwork, they are mapped by 
using point cloud data in the programs Lidar Viewer and RiScan Pro. The resulting mapped 
features are then extrapolated into a volume with the area of the �eld site and the height of 600 
m, approximately the total amount of local relief.

Sills
Sills are digitized in Lidar Viewer and best �t planes are calculated. These planes are extrapolated 
in 3D in an e�ort to link sill outcrops now separated by erosion.

Dikes and Conduits
Dikes and conduits are digitized in ArcGIS using gridded LiDAR topography. It is assumed that 
these are vertical features. Prior work (Delaney and Gartner, GSA Bulletin, 1997) identi�ed the 
mean dike width as 85 cm. Cross-sectional areas for each conduit are calculated in ArcGIS. 
Volumes are estimated by multiplying their cross-sectional areas by the height of the 3D model.

The graphic below illustrates the completed reconstruction, including the estimated 
paleosurface, 800 meters above the present day land.

Area, m2 Volume, m3 Volume Percent
of intrusives

Percent of Land which 
is intrusive material 3.17 %

Total Land 50000000 30000000000

63000000 950000000Total Intrusive Material

Sill Contribution 63000000 910000000 96.00%

Dike Contribution 53000 27000000 2.84%

Conduit Contribution 19000 11000000 1.17%

Results
Four major sills are found by identifying nearly co-planar sill outcrops in canyons and mountain 
sides. Where a sill’s plane intersects the ground but there is no nearby sill, it is unknown whether 
the sill did not propagate in that direction or if it had signi�cant vertical propagation. One 
possibility, where sills end shortly after they outcrop, is illustrated in the above model.

From the mapping e�ort, 52 km of dikes cut the study area and 23 conduits are cataloged. Sills 
are ubiquitous. The total volume is reported below. Note, the vast majority of magma is stored in 
sill complexes and >3% of the study area is igneous in origin.

Distributed Volcanic Fields on other Planets

Comparing Volcanic Fields
Important characteristics of volcanic �elds, e.g. size, density, elongation, and patterns 
subclustering, are often hard to objectively quantify. However, obtaining good estimates of 
these characteristics are essential to comparing one volcanic �eld to another. Here, Kernel 
Density Estimation (KDE) is used to objectively compare vent density and �eld size. 

KDE is a statistical model that smoothes vent location points into a density function by 
draping a kernel function over each vent. The size of the kernel function is determined by 
the bandwidth, H, in the following equation, which estimates density for a given location 
given its distance from each vent in the �eld.

λ(s) =        1        N

  exp[ - 1 bT b]            
2�N  |H| ∑           

2                           
i=1
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where N is the number of volcanic vents, |H| is the determinant of the bandwidth, 
b = H-1/2d, and bT is the transform of b. d is a 1x2 distance matrix. The bandwidth, a 2 x 2 
matrix, can be objectively optimized with a Smoothed Asymptotic Mean Integrated 
Squared Error (SAMSE) method.
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Venus:
Shield �elds are composed of small 
shield volcanoes 1-8 km in diameter. 
Shield �elds (right) are composed of 
hundreds of volcanoes. Shield plains 
are composed of similar 
shield volcanoes but contain thou-
sands of edi�ces.

Mars:
Volcanic �elds on Mars are observed 
having 10s-100s of broad, low shield 
volcanoes, 8-20 km in diameter. Crater-
age models estimate that one of these 
�elds was formed between 3.5 - 2.9 
Bya, with an estimated average recur-
rance interval of a new volcano every 2 
million years. Below is the coalesced 
volcanic �eld of Syria Planum.

Numerical Modeling of Subsurface Processes

Numerical solution: The Ergodic Hypothesis 
Assumption:  Magma ascent can be approximated by the �ow of a viscous �uid within a 
homogeneous porous medium (Bonafede and Boschi, 1992).

Model magma production and transport using Darcy’s law. Factors in�uencing magma 
migration can be implemented by changing parameters in these equations. 

Solutions can be compared to natural magma outputs expressed as density functions. 
Physical processes that result in heterogeneous �ux in numerical models can be related to 
observed vent distributions and volume �ux in reality.

erupted volume 50 km3

crystal fraction 23 %
rhyolite melt added 19 %
volume input basalt 52 km3

volume crystals 12 km3

volume melt 10 km3

heat cooling magma 14 1018 J
latent heat 23 1018 J
heat of cooling crystals 15 1018 J
crystal fractionation heat 52 1018 J
heat of crustal temperature rise 22 1018 J
heat of fusion of rhyolite 7 1018 J
partial melt heat 29 1018 J
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Table 1: Heat and Mass budgets for Caribou Volcanic field, 
from Guffanti et al., 1996. 

Averaged over long-time intervals, volcanic systems can be described using a parameterized 
bulk conductivity that responds to changes in magma productivity, storage, transport and 
deviatoric stress.

Thermal and mass balance estimates for Caribou Volcanic (Gu�anti et al., 1996) provide 
parameter estimates for a 3D model to relate the depth, area, and productivity of the source 
region (Table 1).

In their model, Gu�anti et al. (1996) suggest 
that a cooling basaltic intrusion of 52 km3 
can provide enough heat to produce 10 km3 
of rhyolitic melt by partial melting of the 
lower crust (8-10kbar).
This basaltic intrusion would increase the 
low crust heat �ow by 7 mW.m-2.
A basaltic in�ux of 0.3 km3.(km2.Ma)-1  is 
needed to supply the whole Caribou 
volcanic �eld.

2D Darcy law simulations treat distributed eruptions as a stochastic process. Three conductivity models are 
shown: (A) Homogeneous and isotropic constant conductivity. The broad normalized volumetric �ow (black 
curves) at the surface suggests di�use volcanism. (B) Homogeneous, isotropic constant conductivity with 
imposed crustal hot zones of higher conductivity centered at 15, 7.5 and 2.5 km depth (black rectangles). Note 
the �ow focusing e�ects. (C) Same as (B) but with conductivity slightly �ow dependent. 
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High resolution 3D scanning of the San Rafael Swell has enabled the reconstruction of the 
magma plumbing system beneath an eroded distributed-vent volcanic �eld. In the mod-
eled volume around the study area, >3% of the rock is igneous. 96% of the remaining 
basalt is stored in sills.
This �eld area can be compared to other volcanic �elds using spatial density estimation. 
Accurately modeling the spatial productivity of a volcanic �eld can inform heat �ow 
models.
Future questions: What is the timing of emplacement in the San Rafael Swarm? What was 
the magma supply rate and heat �ow from depth during the Pliocene? Can this constrain 
heat �ow models for other volcanic �elds on Mars and Venus?
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LiDAR observations of an Earth magmatic plumbing system as an analog for Venus and Mars distributed volcanism

San Rafael Conduits

By comparing density surfaces of 
volcanic �elds, the vast diversity of 
volcanism on Earth, Venus, and 
Mars can be seen.

Conduits in the San Rafael are 
similarly spaced to other Earth 
volcanic �elds.

If vent density is taken as a proxy for 
local volcanic productivity, these 
density estimates may inform 
subsurface models.


