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ABSTRACT
Increased resolution of data constraining topography and crustal structures provides new 

quantitative ways to assess province-scale surface-subsurface connections beneath volcanoes. 
We used a database of mapped vents to extract edifices with known epoch ages from digital 
elevation models (DEMs) in the Cascades arc (western North America), deriving volumes 
that likely represent ∼50% of total Quaternary eruptive output. Edifice volumes and spatial 
vent density correlate with diverse geophysical data that fingerprint magmatic influence in 
the upper crust. Variations in subsurface structures consistent with volcanism are common 
beneath Quaternary vents throughout the arc, but they are more strongly associated with 
younger vents. Geophysical magmatic signatures increase in the central and southern Cascade 
Range (Cascades), where eruptive output is largest and vents are closely spaced. Vents and 
correlated crustal structures, as well as temporal transitions in the degree of spatially local-
ized versus distributed eruptions, define centers with lateral extents of ∼100 km throughout 
the arc, suggesting a time-evolving spatial focusing of magma ascent.

INTRODUCTION
Diversity in the spacing, volume, and morphol-

ogy of arc volcanoes (e.g., Tamura et al., 2002; 
George et al., 2016) implies diversity in under-
lying crustal magmatism. Mapping active struc-
tures through the crust to connect volcanism with 
deeper magmatic processes remains an outstand-
ing challenge. Here, we combined a database of 
mapped Quaternary vents, surface topography, and 
diverse geophysical data sets within the Cascades 
arc (western North America) to probe relations be-
tween volcanism and underlying crustal structure. 
Building on prior efforts to synthesize geophysi-
cal (e.g., Weaver et al., 1989; Wells et al., 1998; 
Till et al., 2019) and geologic (e.g., Guffanti and 
Weaver, 1988; Hildreth, 2007) data in the Cascades 
arc, we analyzed (1) arc-scale relations among geo-
physical data sets associated with magmatism; (2) 
the extent to which volcanoes match geophysical 
subsurface magmatic signatures; and (3) temporal 
variations in these relations during the Quaternary.

Cascades Arc
Volcanism in the north-south–trending 

 Cascades arc is associated with eastward sub-

duction of the Juan de Fuca plate under the 
North American plate (Fig. 1A). We focused on 
the United States Cascades (∼40°N–49°N). Qua-
ternary volcanism consists of notable long-lived 
(∼300–600 k.y.; Calvert, 2019) stratovolcanoes 
aligned parallel to the trench, as well as volumi-
nous off-axis volcanic fields encompassing thou-
sands of vents extending as far as ∼50–150 km 
normal to the trench (Guffanti and Weaver, 1988; 
Hildreth, 2007). Although clockwise rotation of 
western Oregon has migrated the arc on ∼10 m.y. 
time scales (Wells et al., 1998; du Bray and John, 
2011), previous work has not documented consis-
tent Quaternary vent migration (Hildreth, 2007).

Data
Mapping of the Cascades has revealed Qua-

ternary volcanic products that span the range 
of common edifice types and compositions 
 observed on Earth (e.g., Sherrod and Smith, 
2000; Hildreth et al., 2012). Ramsey and Siebert 
(2017) compiled a database containing 2999 
vent locations (Fig. 1A; see the Supplemental 
Material1), along with associated morphological 
classification and epoch age of the most recent 

eruption (Holocene, 0–0.01 Ma; late Pleisto-
cene, 0.01–0.1 Ma; middle Pleistocene, 0.1–
1.8 Ma; early Pleistocene, 1.8–2.6 Ma).

We compiled the following Cascades geo-
physical data sets that document crustal attri-
butes at <∼20 km depth and that may constrain 
magma structure.

(1) Isostatic residual gravity anomaly data 
provide a depth-integrated measure of upper-
crustal rock density (Blakely et al., 1997), cor-
recting observed gravity for topography and 
compensating the crustal root (Simpson et al., 
1986). We did not seek signatures of magmatic 
crustal thickening (Karlstrom et al., 2014).

(2) Seismic tomography involves a combina-
tion of rock composition, temperature, and fluid 
content (Zhao et al., 1992). Several tomographic 
models exist for the Cascades; we used 10 s and 
15 s period phase velocity anomalies (ΔVph) from 
a surface-wave model based on both onshore and 
offshore data, which are sensitive to upper-crust-
al structures (Janiszewski et al., 2019).

(3) Heat-flow measurements reflect conduc-
tive and advective heat transport in the upper few 
kilometers of crust, with lateral heat advection by 
groundwater over a scale of tens of kilometers 
(Ingebritsen and Mariner, 2010).

(4) Crustal rotation rates derived by regional 
GPS velocity field measurements record inter-
seismic surface motions (McCaffrey et al., 2013) 
and approximate large-scale rotation rates over 
the past ∼16 m.y. (Wells and McCaffrey, 2013).

TOPOGRAPHICALLY DETERMINED 
EDIFICE VOLUMES

To identify surficial signatures of volca-
nism in the Cascades, we used 10-m-resolution 
National Elevation Data set digital elevation 
models (DEMs; U.S. Geological Survey, 2013) 
to determine topographic extents of volcanic 

1Supplemental Material. Additional description of the datasets, analyses, and results presented in this study. Please visit https://doi .org/10.1130/GEOL.S.12510482 
to access the supplemental material, and contact editing@geosociety.org with any questions.
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edifices. Generally, edifices are positive topo-
graphic structures associated with vents, they are 
semicircular in plan view, and they have slopes 
higher than surrounding topography (includ-
ing any satellite vents). Volcano topographic 
boundaries and volumes were determined by 
the modified basal outlining algorithm (MBOA; 
Bohnenstiehl et al., 2012). We ignored topogra-
phy associated with dispersed tephra and lava 
flows, although deposit volume likely scales 
with edifice volume. Furthermore, we did not 
account for buried vents, nor did we account 
for syn- or postconstruction erosion; however, 
distributions of edifice volumes were similar for 
all epochs in our data set (Fig. S5 in the Supple-
mental Material), suggesting erosion does not 
bias our results.

We augmented the MBOA with a proce-
dure that uses regional slope hypsometry to 
isolate volcanoes, calculate edifice volumes as 
the integral of bounded topography, and sub-
tract small structures such as parasitic cones 
from underlying edifices (see the Supplemental 
Material, and Fig. S1). Assuming detailed geo-
logic mapping is generally more accurate, we 
used estimates from Hildreth (2007) and Bacon 
and Lanphere (2006) for major stratovolcano 
volumes in the subsequent analysis. Our topo-
graphic volumes generally compared well with 
Hildreth (2007) and the volcano DEM analysis 
by Grosse et al. (2014), although some signifi-

cant differences exist for volcanoes with com-
plex shapes (see the Supplemental Material).

We analyzed cinder cones, domes, shield 
volcanoes, and composite volcanoes, giving a 
total of 2835 analyzed vents. Of these, we deter-
mined boundaries for 2105 vents. The remaining 
edifices have morphologies that are not easily 
distinguishable from surrounding topography. In 
this study, we assumed that these unidentified 
vents have volumes equal to our average vol-
umes for each morphologic type, as determined 
by the MBOA.

We calculated a total minimum Quaterna-
ry edifice volume of ∼2730 km3, implying a 
minimum extrusion rate of ∼1.05 km3/km/m.y. 
for the ∼1000 km length of the study area and 
2.6 m.y. of the Quaternary (Fig. S4, Tables S2 
and S3). Figures 1B and 1C show the spatial 
distribution of edifice numbers, volumes, and 
extrusion rates. Figure 1D shows the cumulative 
arc-scale volume of edifices by epoch.

Our estimated volumes are nearly identical to 
the ∼2570 km3 estimated by Sherrod and Smith 
(1990) for the U.S. Cascades, which included dis-
persed deposits. Hildreth (2007) updated this, es-
timating Quaternary erupted volume of the entire 
Cascades to be ∼6400 km3. If Hildreth’s estimate 
is correct, then current edifice volumes account 
for ∼50% of total Cascades output. Although 
glacial erosion is variably significant (Hildreth, 
2007), if we assume that missing volume comes 

mostly from deposits, total extruded volumes are 
roughly twice the volume of edifices alone.

SUBSURFACE STRUCTURES
We linearly interpolated regional geophysi-

cal data to a common 25 × 25 km2 resolution 
grid (Fig. S6), approximately equal to twice the 
median diameter determined for major Cascades 
volcanoes (see the Supplemental Material). Sen-
sitivity tests (Fig. S13) showed that grid resolu-
tion did not affect our results.

We then performed a series of correlation 
calculations. We first assessed structures not ex-
plicitly associated with vents (Fig. 2A) by con-
sidering regional gridded data sets alone, over 
the area plotted in Figure 1A. Next, we linearly 
interpolated gridded data to the analyzed 2835 
vent locations to identify structures underneath 
volcanoes (Fig. 2B). Finally, we subdivided vent 
data into epochs (Figs. 2C and 2D; see Supple-
mental Material). Because the vent database 
records only the most recent eruption for an 
edifice, we limited temporal analysis to mono-
genetic vents to mitigate bias from long-lived 
volcanoes. Temporal variation between Holo-
cene and early Pleistocene vents is discussed 
here to illustrate variations in vent distribution. 
All epochs are presented in the Supplemental 
Material; Figures S8–S12 show the variation 
between data sets as a sequence of biplots along 
with associated best-fitting trend lines.
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Figure 1. (A) Quaternary Cascades arc (western North America) volcanic vent locations (red dots; Ramsey and Siebert, 2017) and main vol-
canic centers (white circles and black triangles) overlaid on topography (horizontally exaggerated). NAP—North American plate; JdFP—Juan 
de Fuca plate; PP—Pacific plate. (B–C) Along-arc histograms of (B) vents and (C) edifice-based extrusion rates (top axis) and edifice volumes 
(bottom axis) using 0.5° latitudinal bins (∼56 km). Colors correspond to edifice morphology. (D) Cumulative edifice volumes, separated by 
epoch of most recent eruption. Pleist.—Pleistocene.
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Both the number and magnitude of corre-
lations substantially increase among regional 
data sets when interpolated to vents compared 
to regional grids alone (Figs. 2A and 2B). The 
most significant relations are consistent with a 
magmatic origin (Fig. 2E). For example, magma-
driven temperature or melt anomalies should con-
tribute to lower seismic velocities and isostatic re-
sidual gravity while increasing surface heat flux. 
These relations are all observed (Fig. 2B), and 
additionally corresponded to higher vent density, 
larger edifices, and increased elevations (e.g., Cao 
et al., 2016; Deng et al., 2017). Rotation rate is 
uncorrelated to other regional gridded data, yet 
it strongly covaries when interpolated to vents, 
suggesting magmatic influence on crustal defor-
mation near volcanoes. We therefore interpret 
correlations between vent density and these geo-
physical data sets as defining magmatic structures 
in the upper crust linked to volcanic expression.

Correlation magnitudes are generally high-
er for Holocene versus early Pleistocene vents 
(Figs. 2C and 2D; Fig. S7). In spite of coarse 
temporal resolution, this decrease suggests that 
older edifices no longer overlie active magmatic 
structures, especially considering that mono-
genetic vents are most numerous in the earliest 
epochs (Table S3).

WHAT ARE THE SUBSURFACE 
SIGNATURES OF ARC VOLCANOES?

Figure 2 indicates that surface-subsurface 
correlations exist at volcanic edifices, but it does 
not reveal arc-scale patterns. We examined this 
spatial structure using independent metrics of 
surface and subsurface data. We assessed sur-
face data with a volume-weighted Gaussian 
kernel function λ(x,y) (see the Supplemental 
Material) that measures spatial vent density and 
edifice volumes as a probability density function 
(e.g., Connor et al., 2019). We also measured 
the extent to which subsurface data provide a 
coherent indication of magmatic structure, but 
models that relate data physically (e.g., gravita-
tional admittance or Nafe-Drake curve) are not 
similarly comparable. Therefore, we assessed a 
relative extent of magmatic influence between 
data sets with linear bivariate relations.

We assumed that the magnitude of the cor-
relation coefficient Cij reflects arc-averaged 
significance (Figs. 2A–2D). We then scaled a 
given location with a number Iij(x,y) between 
0 and 1, which measured the likely magmatic 
significance for vent-interpolated data at that 
point relative to the entire data set (Fig. 2E). 
Finally, we used a Studentized residual between 
bivariate data and a linear regression of the vent-

interpolated bivariate relation (ρij; Fig. 2E) to 
down-weight points that fell off the regional 
trend. The combined magmatic signature of all 
data sets was then calculated as
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where ND is the total number of data sets. 
Equation 1 thus combines both arc- and lo-
cal-scale covariations of multiple geophysical 
data sets.

The correlation of geophysical data as mea-
sured by G is largest in central Oregon and gen-
erally increased to the south, with more subdued 
peaks associated with the Caribou (Califor-
nia) and Simcoe (Washington State) volcanic 
fields, Medicine Lake (California), and Mount 
Mazama and Mount Hood (Oregon) (Fig. 3A). 
This pattern is mimicked but more focused in 
λ (Fig. 3B), in part because weighting vents by 
volume localizes λ around the large edifices. 
Broad monogenetic vent fields are also promi-
nent, illustrating the significant distributed vol-
canism in the central and southern Cascades.

Finally, we note that edifice volumes and 
vent spatial density distributions covary, both 
peaking around the Mount Shasta/ Medicine 
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Figure 2. Data correlation coefficient matrices. Rows and columns correspond to data sets; X’s indicate p values > 0.05. (A) Regional data 
evaluated over the area in Figure 1A gridded to 25 km. Seismic 10s/15s ΔVph are 10 s and 15 s period phase velocity anomalies. (B–D) Same 
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Lake latitude. The extent of variation relative 
to this area thus measures distributed versus 
focused styles of volcanism. Normalized vent 
number and edifice volume distributions are 
plotted in Figures 3C and 3D, along with their 
difference (β). Positive β implies volumes dis-
tributed across more edifices, while negative β 
indicates volume focused around fewer vents. As 
expected, volcanic fields such as Caribou, Medi-
cine Lake, and Simcoe are distributed, while 
areas such as Mount Shasta and Glacier Peak 
(Washington State) are more focused (Fig. 3D). 
Vent focusing in areas otherwise dominated by 
distributed volcanism occurs at Mount Mazama 
and Newberry volcano (Oregon).

ARC-SCALE STRUCTURE OF MAGMA 
TRANSPORT

To characterize regional-scale spatial vari-
ability in surface volcanism, we compared maxi-
mum λ and β among epochs (Fig. 4; where the 
Holocene was included with the late Pleisto-
cene). These temporal bins are larger than the 

major Cascades edifice total ages (Calvert, 
2019) and so constrain transient patterns of 
volcanic effusion on million-year time scales.

Figure 4 indicates that arc-scale patterns of 
volcanism style and magnitude varied through-
out the Quaternary. Along-arc patterns of vol-
canic output are consistent between epochs 
(Fig. 4A). High λ values cluster in ≤ 100 km-
scale areas, highlighting long-lived magmatic 
centers (Guffanti and Weaver, 1988; Hildreth, 
2007). Although lower λ values were found in 
the early Pleistocene at most of these centers, we 
could not disentangle true flux variations from 
vent exposure bias. However, a maximum in λ 
at the latitude of Lassen Peak (California) in 
the early Pleistocene likely indicates decreased 
eruptive output through time in that region.

Along- and across-arc β values hint at chang-
es in volcanic style through time (Figs. 4B and 
4C). Vent patterns are not uniform throughout 
the arc, although a general tendency seems to 
be northward evolution toward more focusing. 
Particularly intriguing are two locations where 

volcanism shifted in style across the arc at the 
same latitude. Mount Shasta has tended toward 
focused vents, while Medicine Lake in the rear-
arc has become more distributed through time. 
Exactly the opposite temporal progression was 
observed ∼300 km north at Newberry volcano 
and Three Sisters. Although precise dates are 
lacking, both on- and off-arc axis volcanism 
may occur simultaneously (Germa et al., 2019).

We speculate that focusing of rising mag-
ma is a self re-enforcing process throughout 
the crust. Radial focusing of vents at Mount 
Mazama over ∼40 k.y. may have been influ-
enced by thermomechanical feedbacks among 
volcano loading, pressurized magma storage 
zones, and rising dikes (Karlstrom et al., 2015). 
Such organizing processes could operate over 
length scales of tens of kilometers (Pinel and 
Jaupart, 2000; Karlstrom et al., 2009), where 
such vent clustering is observed elsewhere. Tec-
tonic extension, increasing in magnitude south 
and eastward along the Cascades arc (Guffanti 
and Weaver, 1988; Schmidt et al., 2008), should 
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promote distributed volcanism and counterbal-
ance focusing. Deeper variations in magma in-
flux to the lower crust (Till et al., 2019) may 
also influence overlying crustal transport.

CONCLUSION
We demonstrated the efficacy of remotely 

deriving edifice volumes from DEMs, as well 
as arc-scale signatures that relate volcanism to 
the subsurface. Combining edifice volumes with 
geophysical inferences of shallow crustal struc-
ture, we generated a suite of linear predictors 
for active magmatic transport pathways under 
volcanoes along with two metrics that elucidate 
crustal magmatic structures and spatiotempo-
ral variations in magmatism throughout the arc. 
The temporal resolution and broad array of sub-
surface constraints compiled here thus provide 
a baseline for future efforts to map and model 
crustal magma transport in the Cascades and 
other volcanic provinces.
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