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Transcrustal magma transport systems reflect accumulation of small-volume intrusions over long timescales,
transiently altering the thermal, mechanical, and compositional states of the crust. The long-term impact of
such repeated and spatially-distributed intrusive magmatism on surface topography remains relatively unex-
plored. Here, we investigate the development of topography associated with multiple generations of intrusions
within the shallow to mid-crust. Expanding a single-intrusion elastic deformation model to regional scales, we
determine surface signatures associated with stochastically-emplaced magmatic bodies with different spatial
distributions. We find that mean intrusion radius-to-depth ratios control whether intrusions contribute more
to regional crustal thickening or local topographic relief. For intrusions emplaced randomly in space following
a Poisson distribution, surface topography is well-approximated by flexure of a thin elastic plate of constant ef-
fective thickness subject to basal forcing. However, we find that spatial overlap between intrusions at depth sig-
nificantly limits the amount of information encoded in topography. We end by discussing how topography
generated by magmatic intrusions fits into more general landscape evolution that includes climate-driven ero-
sion, and categorize a range of previously-studied intrusive systems according to their topographic expression
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and predicted long-term landscape impact.
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1. Introduction

Volcanic physiographic provinces are a primary expression of man-
tle melting and magma transport. On the surface, volcanism generates
landforms over a range of scales that are subsequently degraded
through chemical and physical weathering (e.g., Hayes et al., 2002;
Ferrier et al., 2013; McGuire et al., 2014). This impacts hydrology and
landscape evolution over thousands to millions of years (e.g., Jefferson
et al.,, 2010); for example, mafic volcanic rocks contribute 20-35% of
the modern global CO2 silicate weathering flux despite occupying ~6%
of Earth's land surface (Dessert et al., 2003; Hartmann and Moosdorf,
2012; Borker et al., 2019). But it is currently unknown how the topo-
graphic form of volcanic provinces relates to the time-evolving dynam-
ics of deeper magmatism.

Within the crust, magmatic plumbing systems are expansive
(Cashman and Giordano, 2014), storing anywhere between ~2 and >
100 times the amount of magma that extrudes on the surface (White
et al.,, 2006; Morriss et al., 2020). Magmatic systems are transcrustal
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(e.g., Cashman et al,, 2017; Sparks et al., 2019), likely exhibiting tiered
zones containing crystal mush and distributed pockets of magma that
form a time-evolving transport network between the mantle source
and the surface (e.g., Samrock et al., 2018; Schmidt et al., 2008;
Trevino & Miller, 2021). Such systems probably grow through incre-
mental assembly of smaller-scale bodies (e.g., Annen et al., 2015; de
Saint-Blanquat et al., 2006), and although eruptions seem to occur
with a magnitude-frequency distribution (Pyle, 1995) it is unclear
whether intrusions follow similar temporal statistics.

The spatial distribution of volcanic topography provides an impor-
tant constraint on characteristics of the underlying magmatic structure.
Volcanic vent distributions have received the most attention in this re-
gard, reflecting the long-term history of both mantle magma sources
(e.g., Kiyosugi et al., 2010; Till et al., 2019) and magma-tectonic stresses
(e.g., Maccaferri et al.,, 2014; Toprak, 1998). Vents in monogenetic fields
are often dispersed, sometimes following a Poisson spatial distribution
(Baloga et al., 2007) unless structurally-controlled by faults (Connor
and Hill, 1995). Conversely, long-lived polygenetic centers have more
clustered vent distributions (Rowland, 1996; Kervyn et al., 2009;
Karlstrom et al., 2015), suggesting focusing of rising magma within
the crust. Although it is widely recognized that intruded volumes
greatly exceed eruptions, the surface impact of intrusions is rarely stud-
ied, except on the largest of scales (e.g., Lee et al., 2013).
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A key obstacle in the way of understanding smaller scale magmatic
topography, whether it be from surface vent distributions or intrusions,
is lack of constraints on the patterns of magma transport on timescales
of 10-100 s kyr. Models therefore play an important role in hypothesis
testing, although the extreme range of magmatic length and timescales
poses a substantial challenge that has yet to be overcome. Studies inves-
tigating the long-term thermal and mechanical evolution of crustal
magmatic systems typically isolate a process of interest, making as-
sumptions about the geometry of intrusion distributions, rheology and
structure of the crust, and transport mechanics (e.g., Annen and
Sparks, 2002; Dufek and Bergantz, 2005; Jackson et al., 2018). Crustal-
scale models often assume a fluid (or visco-plastic, Keller et al., 2013;
Coldn et al., 2018) response of crustal rocks to magma intrusion, en-
abling treatment of the long-time and large-scale dynamics.

While viscoelastic and viscoplastic models are likely required to un-
derstand the full spectrum of magmatic deformation, elastic models of
shallow single intrusions regularly see success in modeling deformation
associated with active systems (e.g., Anderson et al., 2015; Castro et al.,
2016; Parks et al., 2015) as well as exhumed laccoliths (e.g., Pollard and
Johnson, 1973; Michaut, 2011). It is reasonable to hypothesize that the
shallow crustal response to episodic intrusions will be largely elastic,
even as cooling intrusions warm the crust and shallow the brittle-
ductile transition (Karakas et al., 2017; Karlstrom et al., 2017). Indeed,
the generic topographic form of polygenetic edifices is well modeled
by surface displacement associated with repeated dilation in a homog-
enous elastic half space (Cosburn and Roy, 2020), and 10 kyr patterns
of uplift in volcanic provinces have been approximated as elastic defor-
mation around inflating intrusions (e.g., Singer et al., 2018).

Here, we focus solely on the impacts of stochastic intrusive
magmatism on landscape scales, modeled as episodes of elastic defor-
mation as a baseline for identifying controls on topographic form in
long-lived volcanic provinces. Although an end-member both in the
spectrum of magmatic landscape construction and in the context of in-
trusion mechanics, this framework allows us to quantitatively examine
a number of questions that are relevant for magmatic topography gen-
erally. What is the topographic consequence of emplacing many gener-
ations of small-scale intrusions within the crust, as implied by the
incremental input model of transcrustal magmatism? What can the sur-
face tell us about the spatial and geometric distributions of intrusions at
depth? Do these intrusions contribute only to topographic relief, crustal
thickening, or a combination of both?

We address these questions by applying single-intrusion elastic de-
formation models stochastically at regional scales, determining the ex-
tent to which magmatic bodies of varying sizes, depths, and spatial
distributions leave a surficial fingerprint. We then parameterize these
results using a thin plate flexure model to gain insight on how surface
characteristics relate to the distribution of intrusions at depth, and ex-
plore the extent to which clustering of intrusions represents informa-
tion loss irrecoverable from topography. Our results suggest a basic
framework with which to study topography associated with intrusive
magmatism.

2. Methods

We study the effects of various intrusion sizes and depths on the
transient evolution of topography and crustal thickening by focusing
only on surficial displacement associated with multiple isolated intru-
sions and ignoring erosion. Below, we describe the numerical model
setup and suite of model parameters explored.

2.1. Stochastic intrusion model

Processes associated with crustal magmatic emplacement are multi-
faceted (e.g., Tibaldi, 2015). The thermomechanical response of the
crust to magmatic intrusions varies as a function of depth, temperature
field, and crustal heterogeneity, and is further influenced by the
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geochemical evolution of magma associated with differentiation, reju-
venation, and assimilation of wall rock (e.g., Dufek and Bergantz,
2005; Annen et al., 2006; Rivalta et al., 2015).

We ignore many of these complexities and focus on a mechanical
model that considers only the elastic crustal response to magmatism
in the shallow crust. We assume the crust has homogeneous properties,
and simulate the transient evolution of regional-scale magmatism by
randomly sampling intrusion parameters from prior spatial distribu-
tions, tracking both surface displacements and cumulative intrusion
thicknesses.

2.1.1. Topography from a single intrusion

Surface deformation from single magmatic intrusions in an elastic
half space depend principally on intrusion radius (R) and depth (d).
For example, geodetic studies often model deep (R < d) active intru-
sions using an inflating point source (i.e., the ‘Mogi’ model; Mogi,
1958) or spherical cavity (e.g., McTigue, 1987) within the crust;
whereas models based on shallow (R > d) intrusions typically consider
crustal flexure with a thin-plate model that neglects horizontal defor-
mation (e.g., Pollard and Johnson, 1973; Galland and Scheibert, 2013).
We use a model that approximates both end-member regimes in the
R — d parameter space: the vertical deformation (w) associated with
pressurization of a penny-shaped crack in an elastic half space (Fialko
etal,, 2001),

o

win) = 20208 [ (1163 )00 + 6% w©) [ Foen s )
0

where r = /(x—xo)? + (y—Y,)* are radial coordinates from the intru-

sion center (Xq, yo), X and y are Cartesian coordinates, v and pt are the
Poisson's ratio and shear modulus of the crust, and AP is the magma
overpressure. We assume constant v, i, and AP values of 0.35, 20 GPa,
and 40 MPa, respectively, acknowledging that there is variability in all
of these parameters (particularly overpressure). Jo is a Bessel function
of the first kind, order zero, ® and ¥ are image functions applied to
iteratively satisfy free surface and crack plane boundary conditions
(Fialko et al,, 2001).

The penny-shaped crack inflation model assumes a flat free surface.
Such an assumption is not strictly valid within the framework of our
model, where generations of intrusions generate non-flat surface topog-
raphy, which generate deviatoric stresses at depth (e.g., Maccaferri
etal., 2011). One solution to this is to account for topography directly
within the governing equations (e.g, McTigue and Stein, 1984). How-
ever, this complicates the model and is computationally expensive. A
second, simpler approach is to adjust the depth of the intrusion to ac-
count for overlying regional relief. Williams and Wadge (1998) found,
for the inflating point-source model, that this adjustment is equivalent
to altering the governing equations to account for topography. Here,
we follow this approach and calculate d’ as the depth of the intrusion
corrected to account for overlying topography (z):

d =d+z(r = 0)— min (2). (2)

To analyze the connections between intrusions and surface displace-
ments, we also model intrusion thicknesses. For simplicity, we parame-
terize the complicated algebraic expression for intrusion thickness from
Eq. (1) as the semi-minor axis of an axisymmetric ellipsoidal body of ra-
dius R. The volume of the ellipsoid is assumed to be the volume change
(AV) associated with the pressurized crack (Fialko et al., 2001):

 4nR*(1—v)AP
u

AV [ @U@ 3)
0

This approximation simplifies the geometry of the intrusion, al-
though we note that it becomes progressively more inaccurate as R/d
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A. Maximum Surface Dispalcement

B. Maximum Intrusion Thickness C.
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Fig. 1. Stochastic model intrusion radius-depth (R — d) parameter space using the pressurized penny-shaped crack displacement model (Fialko et al., 2001). A: Maximum surface
displacement. B: Maximum intrusion thickness. C: Displacement difference between pressurized penny-shaped crack and typical inflating point source (McTigue, 1987) and thin-plate
flexure (Galland and Scheibert, 2013) models. Black line represents parameter values that create equal maximum surface displacements between inflating spherical cavity and thin-
plate flexure models. Non-elastic regime defines the R/d limitation of the inflating penny-shaped crack model (~5.6; Fialko et al., 2001).

increases (Cervelli, 2013). Below, we contextualize this model within
the framework of end-member models for magmatic intrusions.

Fig. 1.A-B shows maximum surface displacements and maximum
thicknesses of single intrusions within our explored R — d parameter
space. Fig. 1.C shows the difference in maximum surface displacements
between the pressurized penny-shaped crack, inflating point source,
and thin-plate flexure models (Aw). Overall differences between these
models are small (<1 m), except for the largest intrusive bodies within
the shallow regime, where the intrusion lateral dimension is much
larger than its depth and the pressured-crack model becomes inappro-
priate.

Model Parameter Distribptions

2.2. Topography from many intrusions

We explore the effects of repeated intrusions over extended time by
stochastically sampling the R — d associated with a single intrusion and
correcting surface deformation from prior intrusions using Eq. (2). For
all models, we intrude magmatic bodies into a periodic spatial grid
that has a length of 63.75 km in both x and y directions, and a grid res-
olution of 250 m. We sample from an intrusion R — d parameter space
ranging ~316-31,600 m (Fig. 2), which falls within the size distributions
of mapped plutonic bodies (Cruden et al., 2018). For consistency across
models, we intrude a total magmatic volume of 2000 km?, within the
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Fig. 2. Sampled R — d distributions for Poisson spatially-distributed models. Colored lines represent 20% contours of sampled values for each model; inset gives the total number of samples
(N). Bottom and left panels show the probability density functions (PDFs) of sampled radius (bottom) and depth (left) values for each model; insets give the mean sampled value ().
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Fig. 3. Poisson spatial distribution model topography, ordered according to R/d as in Fig. 2. Top panels show model relief. Bottom panels show cross-sections of both topography and crust
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estimated ranges of exposed plutonic provinces (de Saint Blanquat et al.,
2011). Given our spatial grid size, this volume should generate ~500 m
of mean elevation in all models. We assume a normal bivariate distribu-
tion of R and d with standard deviations ranging ~200-2400 m and no
covariance between the two parameters. Across all models, the maxi-
mum sampled R/d ratio is ~1.9, well within the appropriate parameter
space of the penny-shaped crack model (Fialko et al., 2001).

We test the impact of intrusion spatial distributions on topographic
form by assuming intrusions have nearest-neighbor distances that fol-
low a Poisson (memory-less) distribution, and determine intrusion lo-
cations by randomly sampling a uniform distribution in both the x and
y directions. Thus, we model a system of nearly equal-sized intrusions
at nearly equal depths that are randomly distributed in map view.
Fig. 3 shows the final model topography and crustal cross-section of
emplaced intrusions for six simulations that span the model parameter
space. Although Eq. (1) is linear, our correction for depth in Eq. (2)
breaks linearity as an intrusion's surface deformation becomes depen-
dent on the relief formed by previous intrusions. We examine the im-
pact of this dependence on our model results with a sensitivity test
using a small number of intrusions for each of the sampled mean intru-
sion parameters (Appendix A). Overall, we find reordering is a negligi-
ble effect, varying topography by +0.4% of the reported values.

3. Results

Our models generate distributed topography on a range of scales.
Shallow, small-radius intrusions create shorter wavelength topography.
As intrusion depth increases relative to radius, longer-wavelength fea-
tures become more apparent, with the R/d ratio setting overall ampli-
tude (Fig. 3). Within all models, the mean elevation of topography is
~500 m, as expected from the volumetric input of magma into the
crust and the spatial dimensions of our grid. Below, we describe our
analysis and results of the model topography.

3.1. Model topographic analysis

We analyze the effect of intrusion geometric and spatial distribu-
tions on topography using two metrics. We first assess the overall eleva-
tion increase of each model by calculating maximum and mean
elevations. We then compare the volume of topographic relief to the
volume of crustal thickening within each model that does not generate
relief. The volume of relief (V;) is defined as the volume in excess of the
minimum topography in the model domain defined by X; = Y, =
63,750 m,

Xg Vg
v, = / / zdy dx—Vr, (4)
0 0

where V; = min(z) Xy Yy is the volume of uniform crustal thickening.
We then define a parameter ¢ as the ratio of relief to thickening

v,
E=yr (5)

which provides a useful metric for determining whether intrusion dis-
tributions contribute more to local topography (¢ > 1, relief generation
dominates) or regional (¢ < 1, crustal thickening dominates) quasi-
uniform uplift. By analogy to magmatic intrusive/extrusive ratios gener-
ally, ¢ measures the extent to which magma transport is measurable at
the surface or is hidden from direct observation.

However, Eq. (5) does not provide insight into the physical controls
on topographic relief. We strive to understand the relationship between
buried loads at depth (such as intrusions) and topography with a re-
duced order model of our simulations, seeking to parameterize the sto-
chastic intrusion models as a thin plate with effective elastic thickness T,
to a vertical force of magmatic origin at its base. Thin plate elasticity can
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be applied in cases where deformation (w) is primarily vertical and both
deformation and the effective elastic thickness of the plate are small
compared to its lateral dimensions (e.g., Watts, 2001). For simplicity,
we assume no lateral forces acting upon the plate and that deflections
are small enough that in-plane tensile stresses can be ignored
(Timoshenko and Woinowsky-Krieger, 1959). Assuming the density of
air is negligible, the 2D flexure equation is (Wessel, 1996)

DV*W(X,Y) = Gp(%.¥) —PmgW(X.Y), 6)
where qj, is the pressure at the base of the plate, g is acceleration due to
gravity, and p,, is the density of magma, such that the final term of
Eq. (6) represents a restoring force that scales with maximum
displacement. D is the flexural rigidity, defined as

ET
D=——¢ 7
12(1-12)’ @

with Young's modulus E. For consistency between models, we use a
Young's modulus value E = 2u(1 + v)= 5.4 x 10'° Pa (Turcotte and
Schubert, 2010). Eq. (6) is conveniently treated in the spectral domain,
for which we define the 2D Fourier and inverse Fourier transform pair of
a signal (f) as

kx, /
fxy) = / / kx

with wave numbers k, and k, in the x and y direction, respectively.
Rearranging Eq. (6), we Fourier transform the flexure equation to
derive an algebraic expression for surface displacement as a function
of wavenumber for the plate

W(k, ky) = d(k)q (k. ky), (10)

f x,y)e —2nz(xl<x+yky)dxdy (8)

2m xk,ﬂryk )dk dkyy (9)

where ks the radial wave number ( k = l<§ + kj) and ¢(k) is the iso-

static response function (Walcott, 1970), defined as

1

2nk*D + gp,, an

Eq. (11) predicts the mechanical response of a plate with rigidity D
to loading at different length scales. For example, short-wavelength
(large k) perturbations cause ¢ to approach 0, in which case the plate
appears rigid and no displacement occurs. Under long-wavelength load-
ing the plate is weak and the load will be compensated as 1/gp, (Airy
isostacy). In the transitional waveband between these end-member re-
sponses elastic behavior dominates and the plate acts as a linear filter,
distributing the load across a characteristic “flexural wavelength” A¢
defined as (Watts, 2001)

1
7

()

We apply Eq. (11) to determine an effective elastic thickness for our
stochastic intrusion models as the effective depth of our intrusion distri-
bution, with which we can calculate the admittance between intrusion
thickness and relief (Krishna, 1996). A best-fitting elastic thickness for
each model is found through grid search over the range ~32 — 50,000
m. The lower limit of our parameter search falls within the range of
depths explored previously for shallow rhyolitic intrusions (Castro
et al., 2016). For each thickness, we calculate ¢ using Eq. (11), then de-
termine the misfit (5) between ¢ and the admittance as
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()

where Z and T are the spectral components of total relief and intrusion
thickness, i and j are counters of ky and k,, and K, and K, are Nyquist
wavenumbers in the k_x and k_y directions. I' is a conversion factor
between pressure and thickness, which parameterizes the loading of a
thin plate associated with a Poisson-distributed sequence of intrusions.
For simplicity, we assume I'is a constant value of p,,g, with p,, = 2800
kg/m?>, though in reality I' likely depends on intrusion depths and radii.
Furthermore, we calculate 6 using average ¢ and admittance values
within binned wavenumbers for computational efficiency.

When applied to noisy natural systems, data is often scaled by the
complex conjugate of topography within Eq. (13) (e.g., McKenzie and
Bowin, 1976; Watts, 1978). In these settings, the phase of the admit-
tance (o) is analyzed as e?®«®» = a(k)/o*(k), where a(k) is the
admittance and a*(k) is its complex conjugate (Watts, 2001). If
surface displacements are perfectly aligned with the source of basal
pressure, as is the case in this study, the phase is expected to be zero,
however this might not always be the case in settings where magma
chambers are offset from overlying volcanic edifices representing
deposits and lateral mass transport (Lerner et al., 2020).

Ky Ky
oo & <Re (13)

=Ky j=—Ky

3.2. The topographic signatures of magmatism

Within our model set, intrusion geometry distributions correspond
to variability in the overall height and relief of topography, ranging
~500-650 m and ~20-250 m, respectively. The intrusion mean radius-
to-depth ratio (R/d) exerts a clear control on these metrics, as increasing
R/d ratios generate both higher topography and higher-relief features
(Fig. 4). This trend between elevation and model intrusion parameters
extends further to the amount of relief versus crustal thickening gener-
ated by intrusions (¢; Eq. (5)). The ratio ¢ 'is less than 1 for all models
(Fig. 5), demonstrating that intrusions contribute most to crustal thick-
ening. Furthermore, R/d values influence the distribution of volume,
with largest R/d values creating more topographic relief. An expectation
of this relationship is that { should go to 0 as R/d approaches 0. Using
this assumption, we derive a best-fitting linear relationship between
R/d and ¢ (Fig. 5, red line).
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Further insight into controls on topography comes from a constant
thickness thin plate model. Fig. 6.A shows the grid search 6 values
(Eq. (13)) over the analyzed elastic plate thickness parameter space, or-
dered by mean stochastic model intrusion depth on the y-axis. In all
cases, despite a range of intrusion depths, we find a reasonably well-
fitting elastic plate to predict topography. While much effort has gone
into understanding the physical meaning of effective elastic thickness
in the lithosphere, it can be broadly thought of as the depth to which
elastic processes must dominate to produce observed deformation in a
coherent layer (Burov and Diament, 1995). Under the thin-plate ap-
proximation, this implies a stress field that varies linearly with both sur-
face curvature and depth. In our model space with purely mechanical
inputs, T, likely represents a point of spatial averaging above which
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such a stress field is approximated, and below which stresses more
strongly vary with proximity to local intrusions amounting to a
breakdown in the thin-plate assumptions. Nonetheless, mean intrusion
depth sets the scale for relief: Fig. 6.B suggests stochastic model mean
intrusion depths and best-fitting plate thicknesses are linearly related.

Fig. 7 provides context for how these factors can influence our re-
sults by plotting the z — 7 admittance for each model as a function of
wavelength, ordered by mean model intrusion depth. In all models,
short-wavelength (~10? m) admittance is well fit by the onset of flex-
ural response predicted by the thin plate isostatic response function.
Moderate wavelengths (~10% m) are less well-fit, indicating that a con-
stant thickness elastic plate does not approximate the full model spec-
trum. These deviations are most pronounced in model runs with
shallower intrusions, suggesting that misfit may result in part from a
breakdown in the assumptions of our thin-plate model that occurs
when vertical deformation is on the same order as T,. In the case of
large plate deflections, a considerable amount of total strain energy
goes into lateral deformation along the midplane of the plate
(assumed to be unstressed under small deflections), and higher-order
terms in the governing equations can no longer be ignored (Ribe,
1982). This introduces complex non-linearity under which less vertical
deformation is expected (Timoshenko and Woinowsky-Krieger, 1959).
While this behavior highlights the limitations of our simplified frame-
work, the realighment of model admittance values with the isostatic re-
sponse function at approximately the flexural wavelength of the best-
fitting elastic plate (Fig. 7, red-dashed lines), as well as the consistent re-
lationship between mean intrusion depth and best-fitting elastic thick-
ness (Fig. 6.B), suggests that thin-plate elasticity provides a simple
proxy for topography associated with distributed intrusions at a range
of depths in the upper crust.

4. Discussion

Volcanic terrain forms through the dynamic coupling between vol-
canic, tectonic, and erosive processes, generating spatially- and
temporally-overlapping signatures of construction and degradation.
Deconvolving these signals is a significant challenge but, as has been
demonstrated in other tectonic settings (e.g., Kirby and Whipple,

2001), could provide new insight into the structure of crustal-
magmatic systems (e.g., O'Hara et al., 2020), and their coupling to
Earth surface processes (e.g., Lee et al., 2013). Here, we discuss broader
implications of our study for volcanology and geomorphology, and pro-
vide examples of where our approach might be applicable.

4.1. Topographic expressions of magmatism

Volcanic landforms encompass a range of shapes and sizes, having
planform areas that span ~9 orders of magnitude (Karlstrom et al.,
2018). Volcanic deposition can generate relief on regional scales by
mantling pre-existing surfaces, while also constructing (or in some
cases removing) topography on the local scale (e.g., Branca et al.,
2011). Subsurface magmatic intrusions also contribute to edifice
growth (e.g., Annen et al., 2001; Biggs et al., 2010; Cosburn and Roy,
2020) and can generate regional-scale uplift over long timescales
through the accumulation of magma within the upper crust
(e.g., Pollard and Johnson, 1973; Perkins et al., 2016b).

Our study analyzes the regional-scale surface response to elastic de-
formation associated with multiple stochastically-placed magmatic in-
trusions within the upper-crust, which parallels observations of active
systems on long timescales. For example, gravity (Trevino et al., 2021)
and paleo shoreline data (Singer et al., 2018) of the Laguna del Maule
volcanic field in Chile suggest multiple shallow intrusions within an
~600 km? area that contributed to at least ~60 m of uplift during the Ho-
locene. While not directly comparable to our idealized model that does
not include eruptive deposits or time, the distributed Laguna del Maule
deformation is well-modeled by landscape-scale uplift from a distribu-
tion of intrusions in a dominantly elastic host.

Evidence for cumulative thickening of the crust from magmatism, as
predicted by generations of intrusions with small R/d in our model, is
also common. Deep crustal zenoliths (Chin et al,, 2012), bulk strain esti-
mates in exhumed arcs (Cao et al., 2016), and global evidence for volca-
nic arc front migration associated with geochemical proxies (Karlstrom
et al., 2014), all point to pervasive magmatic crustal thickening. Our
model demonstrates that intrusions, even within the mid- to upper-
crust, can manifest as a spatially-uniform uplift rate associated with
mantle-derived magma influx.
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4.2. The role of intrusion spatial distribution

The Poisson distribution is one of many possibilities for the spatial
arrangement of magmatic intrusions. Long-lived volcanic centers
(e.g., Mt. Mazama; Karlstrom et al., 2015) as well as exposed plutons
(e.g., Sierra Nevada; Ardill et al., 2018) often exhibit clustered spatial
distributions of magmatic features. To test the surficial response to
such focused magmatism, we explore a second set of models that follow
a Gaussian spatial distribution. We use the same R and d parameter dis-
tributions as the first model set (Fig. 2), and assume intrusions emplace
as bivariate normal distributions in both the x and y directions with
10 km standard deviations, no covariance between the two directions,
and mean locations that are centered on the model grid. This set of
models thus simulates clustered intrusions of nearly-equal radius and
depth within the crust. Fig. 8. A-C shows the final model topography
and crustal cross section for three R - d end-member simulations that
follow this intrusion spatial distribution.

Rather than dispersed topographic features generated by Poisson
distributions, the Gaussian models create a single, near-axisymmetric
landform with overall heights that are approximately three times
higher than the Poisson distribution models (Fig. 8.A-C). The impact
of these models on the volume distribution of topography is also appar-
ent in our local relief - crustal distribution ratio (¢, Eq. (5)), with values
ranging ~7-2000.

These results imply that intrusion spatial distribution is a dominat-
ing factor for the long-term generation of topography. While mean in-
trusion R and d set the range of displacement during each intrusion, it
is the accumulation of spatially-focused magmatic bodies over long
timescales that sets relief. This is also evident in the Poisson spatial dis-
tribution models, with larger intrusions having a higher degree of spa-
tial overlap and contributing to the formation of local topography.
Cosburn and Roy (2020) analyzed the ability of spatially-focused dikes
to emulate stratovolcano morphologies, finding that such models can
recreate volcano topography and provide information on the subsurface
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magma structure. Here, we show a similar impact on the growth of vol-
canic landforms through a series of horizontal pressurized crack models.

Finally, we explore the amount of information that can be gained
from the axisymmetric topography generated by our Gaussian spatial
distribution models using a simple approach that is common in studies
of landforms associated with shallow intrusions (e.g., Pollard and
Johnson, 1973; Goulty and Schofield, 2008; Galland and Scheibert,
2013). Assuming model topography was generated by a single inflating
crack (Eq. (1)), we find the best-fit intrusion parameters that match the
observed pattern of deformation by performing a grid search of the
same R — d intrusive ranges as our stochastic models (~316-31,600
m). We compare our models to the single-intrusion fit by calculating
the least squares error between the single-intrusion and stochastic in-
trusion model topography. We also assume effective magma overpres-
sure is unknown, and find the best-fitting R — d parameters for
overpressure values ranging 10 — 200 MPa.

Best-fitting single intrusions that match the topography of our
Gaussian spatial distribution models significantly differ from the
model intrusion input parameters. Fig. 8.D-E shows the best-fitting sin-
gle intrusion parameters for the 10-200 MPa overpressure values as a
set of box-and-whisker plots for each model, ordered by stochastic
model intrusion R/d ratios. Overall, we observe no consistent trend be-
tween stochastic model mean and best-fitting single intrusion parame-
ters. However, we find that the minimum best-fitting single-intrusion
radii are well-constrained by the average distance between intrusion

locations and the center of the grid (Fig. 8.D, red-dashed line). This indi-
cates that the primary magmatic input expressed in the topography is
the lateral extent of intrusion distributions. As intrusive bodies become
more clustered, horizontal overlap within the crustal column translates
to surface deformation and thus presents a loss of information. Although
this approach of constraining surface deformation as a single intrusion is
commonly employed, especially accurate where both vertical and hori-
zontal deformation can be estimated (e.g., Dzurisin et al., 2009; Parks
etal, 2015), our analysis suggests that single-intrusion models of incre-
mentally constructed shallow plutonic bodies (laccoliths and shallow
sills, e.g., Pollard and Johnson, 1973; Galland and Scheibert, 2013) are
non-uniquely constrained by vertical displacement data alone.

4.3. Landscape evolution forced by magmatic intrusions

We have focused here on intrusive magmatism and its role on topo-
graphic development. In real landscapes, climate-driven erosion re-
distributes mass along the Earth's surface and landscape evolution re-
flects a competition between a variety of erosion mechanisms and uplift
generated by tectonic or magmatic processes. While outside the scope
of our study to model the full range of processes involved in volcanic
landscape evolution, our model suggests that stochastically-emplaced
intrusions can have a large impact on topographic development. There
are two ways this can happen. If the ratio of magmatic topographic relief
versus crustal thickening (¢, Eq. (5)) is much smaller than unity,
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intrusions will contribute to a regionally uniform background uplift rate
(commonly associated solely with tectonics in non-volcanic settings,
e.g., Whipple and Tucker, 1999; Willett, 1999). Alternatively, as ¢ ap-
proaches or exceeds unity, magmatic intrusions create more localized
topography.

This localized and transient uplift can have long-lasting impacts on
eroding landscapes. Assuming a surface dominantly eroded by fluvial
incision in channels and linear diffusion on ridges (soil creep), O'Hara
et al. (2019) analyzed the effects of single localized uplift perturbations
on topographic evolution, finding three regimes which contribute to in-
creasing landscape disruption as perturbations become more significant
compared to initial topography that guides surface processes.
Interpreting such perturbations as arising from magmatic intrusions,
we can relate our purely constructional models to more general land-
scape evolution by assessing the topographic impact of intrusions com-
pared to pre-existing topography. We do this in a relatively qualitative
manner here, by predicting the impact of known intrusion episodes
that are distinguishable from any concurrent extrusive magmatic con-
struction.

In the regime diagram of O'Hara et al. (2019), two nondimensional
numbers related to the geometry of the localized uplift and pre-
existing landscape govern transient surface response (Fig. 9.A). The
first number, 3, compares maximum intrusion surface displacement to
the overlying topographic relief. When surface displacement is small
compared to topography (8 < 1; Fig. 9.B, Regime 1) intrusions generate
very little surface disruption on regional scales, forming small convexi-
ties within river channels and surrounding terrain. A possible example
of this process is the rapid, low relief-generating uplift often associated
with approximately years-long volcanic deformation from isolated in-
trusive episodes (assuming such deformation is permanent). In this re-
gime, it is not likely that magmatic uplift will permanently change pre-
exiting topography, although there may be a transient response in the
form of knickpoints, landslides, or other small-scale adjustments. The
purely constructional model developed here is unlikely to be a good de-
scriptor of landscape evolution in this regime.

The second nondimensional number, 7), compares the size of the in-
trusion to the pre-exiting fluvial drainage basin size (i.e., lateral wave-
length of topography before the intrusion), measuring relative rates of
landscape adjustment by bedrock erosion. When 3 > 1, but intrusions
are much smaller than pre-existing landforms (1) « 1; Fig. 9.B, Regime
2), landscape disruption may include beheaded river channels and
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internally-drained basins. This disruption is not permanent, and in the
absence of other forcing, the landscape may eventually relax to a pre-
intrusion state. However, the imprint of transient uplift is long-lasting
if lateral reconfiguration of river networks occurs in response to the in-
trusion (O'Hara et al., 2019).

Finally, as 3 exceeds 1 and 7 approaches or exceeds 1, intrusion size
becomes larger than pre-existing topography and the surface will expe-
rience a high degree of disruption (Fig. 9.B, Regime 3). The landform will
become the dominant topographic feature of the landscape, forming a
long-term drainage divide that forces permanent channel network re-
configuration in the surrounding landscape. Regime 3 represents
magmatically-dominated landscape evolution, of the kind modeled
here.

Following the framework of O'Hara et al. (2019), we attempt to
quantify the B — n values for select locations where intrusive
magmatism is a known contributor to surface uplift (Fig. 9.B). Our aim
in placing this set of intrusions spanning a range of sizes and timescales
on a single landscape regime diagram is to identify phenomenological
similarities in their likely long-term impact, rather than precise predic-
tions. The presently-active uplift episode on the western flank of South
Sister (OR, U.S.; Wicks et al., 2002; Dzurisin et al., 2009), and episodic
uplift associated with the Socorro magma body (NM, U.S.; Finnegan
and Pritchard, 2009), likely represent Regime 1 perturbations. In these
regions, recorded cumulative uplift is much lower than surrounding to-
pography (i.e.,, 3 < 1), with 1) values varying based on the comparison
topographic wavelength of the uplifted region. Conversely, the Pleisto-
cene - present construction of Lazufre (Argentina-Chile border) and
the Altiplano-Puna Volcanic Complex (Argentina-Chile-Bolivia border)
fall within Regime 3. Both locations have generated high-relief land-
forms compared to surrounding topography, and have altered drainage
patterns throughout their lifespan (Perkins et al., 2016a). Another ex-
ample of a Regime 3 perturbation is the Oligocene-age laccoliths of
the Henry Mountains (Utah, U.S.; Gilbert, 1877). Despite continued
Basin-and-Range extension and re-working of regional drainage net-
works on the Colorado Plateau (e.g., Cather et al., 2008; Murray et al.,
2016), these km-scale features have remained dominant, long-
standing landforms that have altered local channel configurations
(Cook et al., 2009).

Regimes 1 and 3 have relatively clearly-defined examples; Regime 2
is not as easily identifiable as it represents a transient step between
short-term deformation and long-term dominant landform generation.
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However, two locations that might span all three regimes include the
2011 uplift of Cordon Caulle (Chile), and the Holocene uplift at Laguna
del Maule (Chile). At Cordon Caulle, rapid inflation of a shallow laccolith
in 2011 generated ~200 m of uplift on the northwestern flank of a larger
volcano (Castro et al., 2016), generating nearly-equal relief to the sur-
rounding terrain on a lengthscale similar to the main volcano. Similarly,
intrusion-related uplift throughout the Holocene on the southeast re-
gion of Laguna del Maule contributed to ~60 m of relief (Singer et al.,
2018). Although this cumulative uplift is smaller than surrounding relief
generated by near-contemporaneous rhyolitic flows, pre-flow topogra-
phy may be on similar, if not lower, scales to the inflation.

Of course, volcanic landscape evolution involves a wide range of im-
pacts from eruptive deposits as well as intrusions. In addition to altering
topographic relief, deposition of effusive lava changes the hydrologic re-
gime of the near surface (Jefferson et al., 2010; Jefferson et al., 2014),
and modulates the mechanisms and rates of erosion (e.g., Pierson and
Major, 2014). The magnitude-frequency dependence of volcanism/
landform production may determine the pattern and magnitude of ero-
sion in volcanic settings (Karlstrom et al., 2018). We see great potential
in further work towards a process-based understanding of volcanic
landscape evolution to uncover surface signatures of time-varying man-
tle flux.

5. Conclusion

We study the impact of regional-scale intrusive magmatism on de-
velopment of topography in volcanic settings. By modeling stochastic
intrusions in the shallow to mid-crust, we simulate the long-term topo-
graphic response to episodic crustal magma transport over a range of
lengthscales. We show that generation of topographic relief versus
crustal thickening varies as a function of mean intrusion parameters,
providing a simple proxy for analyzing crustal magmatism from topog-
raphy. Furthermore, we find that the topographic response to distrib-
uted magmatism can be approximated using a thin plate flexure
model, providing a predictive tool that can be easily extended to include
gravity and structural constraints. Despite information loss due to over-
lapping intrusions, we find that a range of topography can catalog the
spatial extent of intrusive bodies and thus informs the geometry of the
shallow crustal transport network. We postulate that combining our re-
sults with topographic modeling of landforms in volcanic provinces to
separate signatures of magmatic, tectonic, and climate will provide
new avenues towards estimating long-term crustal magma flux and
magmatic system geometry from the surface.
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Appendix A. Model sensitivity

Topographic correction to models of intrusion sequences introduces
a non-linear dependence of surface uplift on the relative ordering of in-
trusions. We test the effect of intrusion sequencing on topography
through a small sensitivity test. We generate five intrusions for each
mean intrusion radius and depth analyzed in the main text (Fig. 2). In-
trusion radii are set to the mean value, and depths are randomly
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generated around the mean, assuming a normal distribution within
our parameter space. We then calculate surface deformation using the
penny-shaped crack model (Eq. (1)), generating topography for every
possible permutation of intrusion orders (120 combinations). Spatially,
we set the intrusions in a cross-pattern, with one intrusion in the center
and the other four surrounding it on all sides. We assume the distance
between the center intrusion and the others is the half-radius of the in-
trusion, explicitly testing the depth correction (Eq. (2)) by allowing in-
trusions to overlap.

Afterwards, we calculate maximum elevation sensitivity (Zmax(p)) as
a percentage for each permutation p:

Zmax(p) = (M—l)ﬂOO, (A1)

max

where z,qx(p) is the maximum elevation of topography generated by
the permutation, and Z; is the average maximum elevation of all
permutations within the set of intrusions. Fig. A1 shows the results of
this analysis as a set of box-and-whisker plots for each model intrusion
mean R/d. Although the variation in maximum topography increases as
R/d becomes larger, topography varies by only +0.4% at the largest sam-
pled mean R/d. This suggests the non-linearity introduced by our depth
correction in Eq. (2) is negligible for the range of intrusion parameters
explored here.
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Fig. A1. Model topography sensitivity analysis (Eq. (A.1)), ordered by mean model
intrusion R/d.
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