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Abstract The origin of Iberia's topography is examined by combining gravity, magmatic, topographic,
and seismological observations with geomorphic considerations. We have four principal results. First, the
highest coherence between free-air gravity and topography is at wavelengths ≲250 km where admittance
indicates that elastic thickness of Iberia's plate is 20 ± 3 km. These results imply that flexural and subplate
support of Iberian topography could be expressed at wavelengths of O(100) km. Second, P-to-S receiver
functions and simple isostatic calculations indicate that while crustal thickness variations and flexural
loading (e.g., as a result of plate shortening) partially explain the elevation of Pyrenean, Betics, Cantabrian,
Spanish Central System, and Iberian Chain topography, they fail to explain the elevation of large parts of
Iberia. Third, a new full waveform shear wave tomographic model and velocity to temperature conversions
suggest that the asthenosphere beneath Iberia is anomalously slow and has excess temperatures of up to
162 ± 14 ◦C. Simple isostatic calculations indicate asthenospheric support of topography of up to 1 km.
Neogene-Recent (∼23–0 Ma) extrusive magmatism (e.g., Calatrava, Catalan) sit atop many of the slow
shear wave velocity anomalies. Finally, biostratigraphic data, combined with inversion of 3,217 river
profiles, show that most of Iberia's topography grew during the last ∼30 Ma at rates of up to 0.3 mm/year.
Best-fitting theoretical rivers have a low residual root-mean-square misfit (= 0.96) and calculated uplift is
consistent with an independent inventory of stratigraphic and biostratigraphic observations. We suggest
that Neogene-Recent growth of most of central Iberia's topography was a result of asthenospheric support.

1. Introduction
Histories of uplift in dynamically supported regions contain clues about spatial and temporal evolution
of mantle convection. Here we focus on Iberia where, away from its highest mountains, kilometer-scale
topography does not appear to be supported solely by crustal isostasy.

Our approach to calculating the history of subplate support beneath Iberia and its uplift history has three
steps. First, we examine the isostatic contributions to modern topography from crustal thicknesses. Admit-
tance between gravity and topography is calculated to estimate the elastic thickness of Iberia's plate and
used to examine wavelengths at which lithospheric loading and flexure are important. Second, biostrati-
graphic and cosmogenic dating of uplifted marine terraces are combined with calibrated inversion of Iberia's
drainage patterns to investigate its Neogene history of uplift. Finally, a new full waveform shear wave
tomographic model is converted to temperature and used to estimate excess mantle temperatures, which
are combined with simple isostatic calculations to estimate the role asthenospheric temperatures play in
supporting Iberian topography.

1.1. Lithospheric Structure and Isostasy
Topographic evolution of Iberia has largely been attributed to crustal thickening and by some to
lithospheric-scale buckling (e.g., Cloetingh et al., 2002; Muñoz-Martín et al., 2010). There have been recent
significant advances in our understanding of the crustal, lithospheric, and subplate structure beneath Iberia
and its surroundings from seismology. Importantly, a dense (∼60 × 60 km) grid of broadband seismometers
was deployed across the peninsula between 2007 and 2013 as part of the TopoIberia− IberArray experiment
(see, e.g., Palomeras et al., 2017). Data from this experiment and others have been used to calculate crustal
thicknesses from receiver functions, Rayleigh wave tomography, and to derive a full waveform shear wave
model of lithospheric and sublithospheric structure (Fichtner & Villaseñor, 2015; Mancilla & Diaz, 2015;
Palomeras et al., 2017). The full waveform model has been updated in this study.
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Figure 1. Topography and crustal thickness. (a) Iberian topography from ASTERGDEM and ETOPO1.
P = Pyrenees; C = Cantabrian Mountains; SCS = Spanish Central System; IC = Iberian Chain; SM = Sierra Morena;
B = Betics. (b) Color scale = crustal thicknesses interpolated using splines between measurements from receiver
function H–𝜅 stacking analyses (circles; Mancilla & Diaz, 2015). (c) Gray/black circles = elevation versus crustal
thickness. Black circles = crustal thickness estimates from the Pyrenees and Betics (see panels (a) and (b)). Gray
rectangular envelope = crustal thicknesses of 32 ± 3 km. Gray polygon = relationship between crustal thickness, tc,
and elevation, e, which is calculated by equalizing pressure at base of continental lithosphere against a mid-oceanic
ridge such that e𝜌a = tw(𝜌w − 𝜌a) + toc(𝜌oc − 𝜌a) + tm(𝜌a − 𝜌m) − tc(𝜌c − 𝜌a), where water depth tw = 2.5 km,
density 𝜌w = 1,000 kg/m3, crustal thickness toc = 7.1 km, density 𝜌oc = 2,800 kg/m3, asthenospheric density
𝜌a = 3,200 kg/m3, lithospheric mantle thickness tm = 90 km, and density, 𝜌m = 3,300 kg/m3. Width of envelope shows
calculated elevations for range of continental crustal densities (𝜌c = 2,700 ± 50 kg/m3). Note most central Iberian
crustal thickness estimates lie within 32 ± 3 km and are generally not consistent with this simple isostatic model.
(d) Histogram of Iberian topography, y axes = percentage; note broad peak centered at ∼0.6 km.

Figure 1 summarizes Mancilla and Diaz (2015)'s crustal thickness (H) and Vp/Vs (𝜅) ratios calculated using
H–𝜅 stacking of P-to-S receiver functions from >300 stations, including IberArray, across Iberia and its
surroundings. Many of their best constrained estimates (reported errors of ±2 km) are in the western half
of Iberia, where calculated crustal thicknesses are 25–35 km and Vp/Vs ratios are 1.72–1.75. Two regions
centered on the Central System and the Iberian Chain have calculated thicknesses up to 40–45 km. The
Pyrenean range and the Betic mountains have the highest calculated thicknesses, which are in excess of
45± 8 km in places. These values are consistent with a suite of wide-angle/refraction experiments and recent
Rayleigh wave tomography (see Díaz & Gallart, 2009; Palomeras et al., 2017). Large portions of the central
Iberian plateau have crustal thicknesses of 35 km or less and no clear correlation with elevation (Figure 1c;
Mancilla & Diaz, 2015).
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Figure 2. Gravity, magmatism, and shear wave tomography. (a) GRACE free-air gravity data band-pass filtered
between wavelengths of 730 and 9,000 km (Tapley et al., 2007). (b) Full waveform shear wave tomographic model at
90 km depth (updated from ; Fichtner & Villaseñor, 2015). Labels X, X′, Y, and Y′ = transects shown in panels (c)–(h).
Red labeled triangles = magmatic provinces: G = Garrotxa, Catalan Volcanic zone, 700–11 kyr, K-Ar dating (Cebriá
et al., 2000); V = Valencia volcanic zone, 15–0 Ma, K-Ar dating (Martí et al., 1992); C = Calatrava, 7.6–1.75 Ma, K-Ar
dating (Cebriá & Lopez-Ruiz, 1995); B = Betics, from east to west: Mar Menor (∼18 Ma), Mazarron (∼9.1 Ma), and El
Hoyazo (∼6.3 Ma), all U-Th-Pb dating (Alvarez-Valero & Kriegsman, 2007). (c and f) GRACE free-air gravity data along
X-X′ and Y-Y′ transects (Tapley et al., 2007). Locations of Calatrava, Valencia, and Betic volcanic zones are shown as
red triangles. (d and g) ASTERGEM elevation and ETOPO1 bathymetry along X-X′ and Y-Y′ transects, respectively.
(e and h) Cross sections through full waveform tomographic model. Black polygons = velocities, Vs ≤ 4.0 km/s. Note
slow velocities (Vs < 4.4 km/s) between ∼ 50 and 250 km depth beneath Calatrava and Valencia volcanic regions.
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Figure 3. Admittance between gravity and topography.(a) Topography from SRTM30_plus (Becker et al., 2009);
box encloses region used in analysis. (b) EIGEN − 6C3stat free-air gravity anomalies (Förste et al., 2012).
(c) Admittance and standard deviation as a function of wave number (i.e., k = 𝜆−1, where 𝜆 = wavelength) for coherent
component of gravity anomalies. Black line = best-fitting elastic model with Te = 19.8 km and coherent internal load,
F2 = 49% (other parameters given in main text); open circles = values used to constrain misfit. (d) Misfit as a function
of Te and F2; cross = minimum. (e) Coherence as a function of wave number. Note high coherence for 𝜆 < 200 km.
(f) Slice through misfit function at best fit F2 = 49%.

Simple isostatic calculations indicate that most of central Iberia should sit close to or below sea level
(Figure 1c; e.g., Roberts, White, et al., 2012). Instead, it has an average elevation of +0.6 km (Figure 1d).
One way to solve this problem is to invoke anomalously low crustal densities. However, crustal velocities
estimated from wide-angle seismic experiments suggest that the crust beneath Iberia is not of especially low
density. For example, Díaz and Gallart (2009) show that crustal velocities in the western and central parts
of the peninsula are 5.9–6.1 km/s at depths ≲10 km, 6.2–6.4 km/s at depths ∼10–20 km, and 6.7–6.8 km/s at
depths ≳20 km, which implies densities, 𝜌 ≈ 2,800 ± 400 kg/m3 (e.g., Barton & Wood, 1984). These obser-
vations and simple calculations suggest that the mantle might play an important role in supporting Iberian
topography (cf. Fernandez et al., 1998). We examine the contribution from the mantle using a suite of long
wavelength geophysical observations and the magmatic history of the peninsula.

1.2. Subplate Support and Magmatism
Free-air gravity anomalies, band-pass filtered to wavelengths ∼730–9,000 km, exhibit a +30 mGal peak that
encompasses most of western and central Iberia (e.g., Figure 2a; Tapley et al., 2007). This positive gravity
anomaly indicates that not all Iberian topography is caused by simple crustal isostasy (e.g., Colli et al., 2016;
McKenzie, 2010). The ratio (i.e., admittance, Z) between coherent free-air gravity anomalies and topography
as a function of wave number, k, can be used to investigate dynamic support, internal loading, and the elastic
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Figure 4. Seismic data coverage. Stars/triangles = sources/receivers used
to generate the shear wave tomographic model (e.g., Figure 2). Thin
lines = great-circle ray paths of the data. White = coastlines.

thickness of the plate. Admittance is calculated such that

Z(k) =
< gt∗ >
< tt∗ >

, (1)

where g and t are multitaper Fourier transforms of free-air gravity and
topography data averaged over wave number bands, with complex conju-
gates denoted by asterisks (McKenzie & Fairhead, 1997). Figure 3 shows
the admittance between SRTM30_plus topography and EIGEN-6C3stat
gravity data sets (Becker et al., 2009; Förste et al., 2012). Unfortunately,
low coherence between Iberian topography and gravity at long wave-
lengths (>300 km) means that the value of admittance and, for exam-
ple, an inferred amplitude of dynamic support is poorly constrained
(Figure 3e). However, coherence is sufficiently high for wavelengths
<250 km that the elastic thickness, Te, of the plate can be investigated.

Te is estimated by comparing the observed values of Z(k) with a theoret-
ical curve generated using a two-layer crustal model overlying a mantle
half-space (McKenzie, 2003). Upper crustal density controls the mag-
nitude of admittance at the shortest wavelengths. We adopt a crustal
template consisting of a 10-km upper crust with density of 2,900 kg/m3

and a 25-km lower crust with density of 3,000 kg/m3. A parameter sweep is carried out where Te and the
fraction of internal loading that is coherent with the topography, F2, are systematically varied, and misfit
to observed admittance is calculated (Figure 3d). The best-fitting model has Te = 19.8 ± 3 km and an inter-
nal load of 49%, which is broadly consistent with results of flexural modeling in the Ebro basin and central
Iberian Peninsula (Gaspar-Escribano et al., 2001; Ruiz et al., 2006). These results suggest that the plate's
flexural response to loads should be confined to wavelengths of O(100) km. Negative free-air gravity anoma-
lies that extend up to ∼200 km from the northern and southern fringes of the Spanish Central System, in
the Ebro basin, and north of the Betic Cordillera are probably partially generated by the flexural response of
the lithosphere to loading induced by shortening (Figure 3a; e.g., Banks & Warburton, 1991; Muñoz, 1992;
Vissers et al., 1995). Backstripped subsidence curves from these basins indicate that they experienced local
Cenozoic tectonic subsidence in excess of a few hundred meters (see, e.g., De Vicente et al., 2011, and ref-
erences therein). A corollary is that the flexural effects of loading cannot explain the elevation of Iberia's
longer wavelength low-relief topography.

We examine the structure of the crust and mantle beneath Iberia using the shear wave tomographic model
shown in Figure 2. This model is the result of successive refinements at increasingly higher frequencies,
comprising, in this order, Europe as a whole, the western Mediterranean, and the Iberian Peninsula. The
last stage, which is an improvement of the model by Fichtner and Villaseñor (2015), is based on ambient
noise correlations at a minimum period of 5 s. As a result of the multiscale inversion, the total frequency
bandwidth for the Iberian Peninsula is 5–120 s. This bandwidth combined with the exploitation of com-
plete seismograms, including three-component body and surface waves, allows us to jointly constrain
crustal and mantle structure. The full-waveform inversion does not require crustal corrections and there-
fore avoids artifacts in upper mantle structure that may result from an imperfect crustal model (Bozdag &
Trampert, 2008).

The sequence of multiscale refinements involves 131 earthquakes and 81 virtual sources from noise cor-
relations. These events provide a total of 34,184 three-component waveform recordings, with particularly
dense coverage around the IberArray installation (Díaz et al., 2009; Figure 4). Thanks to this dense cover-
age, tomographic resolution beneath the Iberian Peninsula is mostly controlled by the minimum period of
the seismic waves probing a specific part of Earth structure. Within the upper mantle, mostly constrained
by surface waves at periods around 20 s, horizontal and vertical resolution lengths are generally below 100
and 50 km, respectively, which is confirmed by quantitative resolution analysis (Fichtner & van Leeuwen,
2015). An east-west cross section through the full waveform model shows that central Iberia has relatively
slow seismic velocities (<4.4 km/s) between 0 and 300 km depth (Figures 2c–2e). These results are broadly
consistent with independent Rayleigh wave tomography (Palomeras et al., 2017). A north-south transect dis-
plays a low velocity zone beneath central Iberia, coinciding with low-relief, long wavelength, topography,
and crust ∼5 km thinner than areas outside this region (Figures 2f–2h; cf. Quintana et al., 2015).
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Geochemistry, Geophysics, Geosystems 10.1029/2018GC007899

Figure 5. Uplift history from biostratigraphic data. (a) Grayscale = shaded topography from ASTER GDEM.
Colored swatches = youngest marine and coastal stratigraphy (e.g., Alonso et al., 1993; Braga et al., 2003; Pomar et al.,
2017). Circles = Cenozoic marine fossils recorded in the PaleoDB inventory colored by age (Table 1).
Triangles = radiometric dating of marine terraces (e.g., Benedetti et al., 2009; Braga et al., 2003; Gracia et al., 2008;
Zazo et al., 1999, 2003). (b) Circles/triangles are colored by average uplift rates calculated using the age and elevation of
marine rock (see body text and Table 1). (c) Thermochronmetic closure ages. Triangles and circles = apatite fission
track and (U-Th)/He derived ages, respectively (see body text; Andriessen & Zeck, 1996; de Bruijne & Andriessen, 2002;
Del Río et al., 2009; J. J. Esteban et al., 2004; Fitzgerald et al., 1999; Gibson et al., 2007; Johnson, 1997; Juez-Larré &
Andriessen, 2006; Lonergan & Johnson, 1998; Morris et al., 1998; Platt et al., 2003, 2005; Vázquez et al., 2011).
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Neogene-Recent magmatism in central, southern, and north eastern Iberia sit atop loci of slow upper mantle
shear wave velocities (Figure 2b). For example, K-Ar dated Miocene leucitites and Pliocene basalts crop out
in the Calatrava Volcanic Province, and their major, trace, and isotope chemistry suggest that the astheno-
sphere has become an increasingly important source of magmatism (Cebriá & Lopez-Ruiz, 1995). A similar
trend is observed in southern Iberia where 40Ar/39Ar dated Late Miocene Si-K-rich rocks are found in close
proximity to Pleistocene Si-poor, Na-rich compositions (Duggen et al., 2005). These observations have been
interpreted as a transition from subduction-related magmatism to melting with an asthenospheric source
and have been related to kilometer-scale uplift of Iberia's southern margin (Duggen et al., 2004). Similarly,
Quaternary magmatism in the Catalan Volcanic Province, northeastern Iberia, probably had a significant
contribution from asthenospheric sources (Cebriá et al., 2000). These observations indicate that mantle
beneath Iberia is anomalously warm (cf. Carballo et al., 2015).

To better understand the history of subplate processes we examine the evolution of Iberian topography in
space and time by combining stratigraphic observations with magmatic and geomorphic data and theory.

2. A History of Vertical Motions
2.1. Stratigraphic Constraints
Uplift histories at spot locations across Iberia have been constrained using the distribution of Cenozoic
marine sedimentary rock (e.g., M. Esteban, 1996; Janssen et al., 1993; Figure 5 and Table 1). Shallow marine
Paleocene sedimentation in north, east, and southern Iberia indicate that at ∼65–60 Ma large parts of Iberia
were low-lying (Andeweg, 2002). The distribution of planktonic formaminiferal marls (e.g., Tubilla del
Agua fm.), sabkha deposits (e.g., Santo Domingo de Silos fm.), and temporary intertidal zones (e.g., Sierra
Perenchiza) were probably formed as a result of fluctuating sea level and flooding of low-relief topography
(Alonso et al., 1993).

In the Ebro basin, eastern Iberia, coral reefs (e.g., the Buil Level within the Barranco El Solano sequence
and mounds within the Guara formation) indicate extensive Paleogene reef building and mesophotic zone
carbonate platform production (Pomar et al., 2017). Reef building appears to have moved eastward through
time, from Merli (56–48 Ma) to the Meson de Ligüerre reefs (47–42 Ma; Pomar et al., 2017). The Cardona
Salt, which crops out within the basin, indicates a Priabonian (∼37 Ma) transition from marine to conti-
nental deposition (Vergés et al., 1995). Oligocene continental sediments in eastern parts of the Ebro basin
contain micromammal fossils (e.g., Theridomys aff. aquatilis Aymard within the red bed sequence of the
Artes formation), which suggest that by ∼30 Ma most of eastern Iberia was emergent probably as a result
of plate shortening (Agustí et al., 1987; Vergés et al., 1995). Stratigraphy of the lower Tagus basin (e.g.,
Musgueira Limestones with Chlamys scabriuscula) indicate Miocene-Recent emergence of parts of west-
ern Iberia (Andeweg, 2002; Geel et al., 1992; Pais, 2004; Pais et al., 2012). These results are corroborated by
commercial well logs, which suggest that the Porto Basin contains Paleogene marine facies (Murillas et al.,
1990).

Uplift is best constrained along the southern coast and in particular across the Betic Cordillera. During the
Serravallian (13.6–11.6 Ma) the cordillera began to emerge as reef-bound islands (Braga et al., 2003; Geel
et al., 1992). Uplifted corals (e.g., Porites; Tarbellastrea), marine bivalves (e.g., Pecten; Crassostrea gryphoides),
and planktonic foraminifera (e.g., Globorotalia suterae) indicate that prior to ∼7 Ma a ∼10 km wide seaway
connected the Atlantic Ocean to the Mediterranean Sea through the Guadix basin in southern Iberia (Betzler
et al., 2006). The elevation of outcropping marine fauna suggests average rates of uplift in southern Iberia of
up to 0.3 mm/year during the last ∼15 Ma (e.g., Braga et al., 2003). Marine sedimentation in the Poniente,
Almería-Níjar, and Vera basins indicate that Almería to Sorbas was marine as recently as 3 Ma (Braga et al.,
2003). In summary, a suite of stratigraphic observations show that most of Iberia underwent significant,
O(100–1,000) m, Cenozoic uplift.

2.2. Biostratigraphic Database
As an adjunct to this compilation of uplift constraints, we have used Cenozoic marine fossils recorded in the
Paleobiological Database and radiometrically dated marine terraces to estimate uplift of Iberia (PaleoDB:
https://paleobiodb.org; Figure 5). Most of the PaleoDB samples are concentrated along the south-
ern coast and in the Pyrenean mountains. The database of samples from the Pyrenees is rich in Paleogene
marine fossils and generally lacks marine fossils younger than ∼35 Ma. In contrast, the majority of marine
samples from Iberia's southern coast are Neogene in age, and few specimens have ages older than 17 Ma

CONWAY-JONES ET AL. 1144
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Table 1
Observed Uplift Rates From Dated Fossil (F), Marine Terrace (M), and Sediment Deposit (S) Studies (See Figure 5)

Lat Long Method Fossil (e.g.) Age (Ma) PWD (m) H (m) Uplift rate Study
38.00 −0.70 F Lithothamnion sp. 4.47 ± 0.5 2.5 ± 2.5 10 0.003 ± 0.0008 Braga 2001
37.98 −0.67 F Pectinidae indet. 4.47 ± 0.5 2.5 ± 2.5 13 0.003 ± 0.0009 Braga 2001
41.55 1.69 F Placosmiliopsis bilobatus 39.7 ± 1.65 5 ± 5 279 0.007 ± 0.0004 Pérez 2012
37.17 −8.22 F Erylus sp. 12.7 ± 1.10 60 ± 20 64 0.01 ± 0.002 Pisera 2006
37.34 −5.84 F Balaenopteridae indet. 4.47 ± 0.87 2.5 ± 2.5 58 0.014 ± 0.003 Sendra 1996
39.92 −8.72 F Favartia sp., Persicula sp. 3.96 ± 0.37 10 ± 10 57 0.017 ± 0.004 Da Silva 2010
42.00 2.47 F Nummulites verneuili 44.6 ± 3.25 5 ± 5 733 0.017 ± 0.001 Serra 2003
37.60 −1.31 F Metaxytherium 3.96 ± 0.37 10 ± 10 71 0.02 ± 0.004 Sorbi 2012
42.37 −0.57 F Actinacis sp. 36.0 ± 2.05 10 ± 10 724 0.02 ± 0.001 Morsilli 2012
41.75 2.17 F Bryozoa indet. 36.0 ± 2.05 20 ± 20 699 0.02 ± 0.002 Taberner 1995
37.13 −1.92 F Mesophyllum sp. 7.60 ± 1.70 5 ± 5 180 0.024 ± 0.007

0.004 Braga 2001

37.90 −1.57 F Archaias sp. 31.0 ± 2.90 2.5 ± 2.5 1,104 0.036 ± 0.043
0.020 Braga 2011

37.05 −2.13 F Halimeda sp. 6.29 ± 0.96 20 ± 5 497 0.082 ± 0.005
0.06 Braga 2009

37.15 −2.12 F Porites sp. 6.29 ± 0.96 25 ± 25 524 0.087 ± 0.019
0.014 D'Estevou 1978

36.95 −3.75 F Tarbellastraea sp. 9.43 ± 2.19 10 ± 10 1,273 0.136 ± 0.042
0.027 Braga 1990

37.1 −1.81 S - 7.5 - 1,387 0.18 ± 0.005 Braga 2003
36.9 −2.60 S - 7.5 - 2,126 0.28 ± 0.005

0.06 Braga 2003

43.38 −4.38 F Alveolinidae indet. 45.0 ± 11.05 5 ± 5 29 0.0007 ± 0.0002 Aguirre 2011
37.08 −8.23 F Bivalvia indet. 16.0 ± 4.41 25 ± 25 10 0.002 ± 0.003

0.0017 Forst 2000

43.30 −2.26 F Oolina sp. 57.6 ± 1.60 225 ± 75 30 0.004 ± 0.001 (Wiedmann, 1960)
43.30 −2.26 F Stensioeina beccariiformis 57.6 ± 1.60 225 ± 75 30 0.004 ± 0.001 (Wiedmann, 1960)
37.10 −8.67 F Cetacea indet. 12.7 ± 1.10 75 ± 25 14 0.007 ± 0.002 (Estevens, 2000)
38.09 −0.72 F Odontoceti indet. 2.67 ± 2.66 10 ± 10 14 0.009 ± 3.391

0.006 Sendra 1995

38.15 −0.63 F Ostrea sp., Balanus sp. 1.30 ± 1.29 5 ± 5 8 0.01 ± 1.79
0.007 Zazo 2003

41.07 1.13 F Cetacea indet. 13.8 ± 2.18 125 ± 75 14 0.01 ± 0.007 Belaústegui 2011
37.58 −1.25 F Alca sp. 3.96 ± 0.37 30 ± 30 12 0.011 ± 0.008 (Sanchez-Marco, 2003)
38.09 −0.68 F Cetacea indet. 1.69 ± 0.90 5 ± 5 16 0.012 ±0.020

0.006 Redaccion 2001

41.11 1.26 F Mysticeti indet. 13.8 ± 2.18 160 ± 40 5 0.012 ± 0.005 Belaústegui 2011
41.32 1.72 F Tarbellastraea reussiana 17.1 ± 3.31 25 ± 25 184 0.012 ± 0.004 (Chevalier, 1961)
37.22 −7.10 F Isurus sp. 4.47 ± 0.87 50 ± 50 8 0.013 ±0.017

0.011 García 2009

36.43 −5.13 F Gibbula sp., Atlanta sp. 3.09 ± 0.51 25 ± 25 19 0.014 ± 0.009 Francisco 1993
36.43 −5.10 F Barbatia barbata 3.96 ± 0.37 50 ± 50 7 0.014 ±0.015

0.012 Francisco 1993

38.25 −0.70 F Porites sp. 6.29 ± 0.96 20 ± 20 61 0.014 ± 0.007 Braga 1995
41.58 1.70 F Stylocoenia n. sp. aurelii 39.7 ± 1.65 25 ± 25 519 0.014 ± 0.001 Pérez 2012
42.37 0.38 F Pyrazopsis polygonum 51.9 ± 4.10 5 ± 5 703 0.014 ± 0.001 Dominici 2014
36.45 −5.05 F Glycymeris glycymeris 3.96 ± 0.37 50 ± 50 8 0.015 ± 0.015

0.012 Francisco 1993

36.45 −5.08 F Barbatia barbata 4.47 ± 0.87 50 ± 50 16 0.015 ± 0.017
0.011 Francisco 1993

41.99 0.75 F Vicinocerithium 51.9 ± 4.10 5 ± 5 778 0.015 ± 0.001 Dominici 2014
41.98 0.78 F Vicinocerithium 51.9 ± 4.10 5 ± 5 780 0.015 ± 0.001 Dominici 2014
41.55 1.57 F Pellatispira madaraszi 36.0 ± 2.05 40 ± 40 528 0.016 ± 0.002 Pérez 2012
39.07 −9.20 F Kentriodontidae indet. 8.47 ± 3.14 50 ± 50 98 0.017 ± 0.019

0.009 (da Mata, 1962)
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Table 1 (continued)

Lat Long Method Fossil (e.g.) Age (Ma) PWD (m) H (m) Uplift rate Study
42.77 −1.80 F Bathysiphon spp. 39.7 ± 1.65 225 ± 75 468 0.017 ± 0.003 Astibia 2014
42.87 −2.08 F Actinacis reussi 63.8 ± 2.20 25 ± 25 1,065 0.017 ± 0.001 Baceta 2005
41.38 1.62 F Tarbellastraea reussiana 17.1 ± 3.31 25 ± 25 277 0.018 ± 0.005 (Chevalier, 1961)
41.93 2.30 F Eurete n. sp. clava 40.0 ± 1.65 200 ± 50 502 0.018 ± 0.002 Taberner 1995
36.48 −5.00 F Glycymeris bimaculata 3.96 ± 0.37 50 ± 50 29 0.02 ± 0.016

0.013 Francisco 1993

37.27 −6.84 F Carcharias taurus 4.47 ± 0.87 50 ± 50 39 0.02 ± 0.019
0.013 García 2009

42.80 −1.55 F Ammobaculites spp. 39.7 ± 1.65 150 ± 50 657 0.02 ± 0.002 Astibia 2014
38.25 −0.80 F Sirenia indet. 8.47 ± 3.14 50 ± 50 126 0.021 ± 0.022

0.010 (Sendra Saez & Hodgson, 1998)

42.89 −0.94 F Eponides sp. 39.7 ± 1.65 50 ± 50 878 0.023 ± 0.002 Astibia 2005
42.38 0.52 F Actinacis sp. 51.9 ± 4.10 150 ± 50 1,127 0.025 ± 0.003 Eichenseer 1992
40.76 0.59 F Occitanomys sp. 4.47 ± 0.87 50 ± 50 64 0.026 ± 0.020

0.014 (Agustí et al., 1983)

37.30 −1.88 F Astadelphis gastaldii 4.47 ± 0.87 25 ± 25 99 0.028 ± 0.014
0.009 (Sendra Saez & Hodgson, 1998)

42.41 1.82 F Aturia (Aturia) ziczac 51.9 ± 4.10 350 ± 150 1,306 0.032 ± 0.005 Llompart 1986
37.28 −1.89 F Cetacea indet. 3.09 ± 0.51 25 ± 25 87 0.036 ± 0.016

0.012 Sendra 1999

37.33 −6.68 F Isurus escheri 4.47 ± 0.87 50 ± 50 110 0.036 ± 0.023
0.015 García 2009

37.33 −6.68 F Isurus desori 4.47 ± 0.87 50 ± 50 113 0.036 ± 0.023
0.015 García 2009

37.32 −6.67 F Melanella (Balcis) lactea 4.47 ± 0.86 50 ± 50 109 0.036 ± 0.023
0.015 (González Delgado, 1988)

42.50 −0.26 F Stylocoenia n. sp. 40.0 ± 1.65 25 ± 25 1,413 0.036 ± 0.002 Altuna 2003
36.74 −2.63 M - 0.130 - 4.94 0.038 ± 0.008

0.015 Zazo 2003

36.97 −2.20 F Bryozoa indet. 8.48 ± 3.14 2.5 ± 2.5 322 0.038 ± 0.023
0.011 (Mankiewicz, 1996)

41.41 2.03 F Pliophoca cf. etrusca 3.09 ± 0.51 50 ± 50 80 0.042 ± 0.028
0.020 Mendez 2000

37.13 −2.10 F Lithophyllum dentatum 8.47 ± 3.14 25 ± 25 439 0.055 ± 0.037
0.017 Braga 2001

37.67 −1.73 F Porites collegniana 8.48 ± 3.14 25 ± 25 530 0.065 ± 0.043
0.020 Vennin 2004

37.07 −2.08 F Lithothamnion sp. 7.60 ± 2.70 20 ± 20 515 0.07 ± 0.016
0.012 Braga 2001

36.88 −2.30 F Spondylus sp., Tapes sp. 3.09 ± 0.51 60 ± 40 174 0.076 ± 0.030
0.022 Aguirre 1998

36.05 −5.63 M - 0.099 - 11 0.105 ± 0.046
0.084 Zazo 1999

37.02 −3.67 F Lithothamnion sp. 9.43 ± 2.19 75 ± 25 940 0.108 ± 0.036
0.022 Braga 2001

37.12 −3.53 F Lithophyllum incrustans 9.43 ± 2.19 25 ± 25 1,005 0.109 ± 0.036
0.022 Braga 2001

36.97 −3.70 F Bryozoa indet. 8.48 ± 3.14 2.5 ± 2.5 1398 0.165 ± 0.098
0.045 Braga 2001

37.43 −1.47 F Strombus bubonius 0.069 ± 0.06 5 ± 5 9 0.203 ± 1.908
0.133 Zazo 2003

36.70 −2.62 F Patella sp. 0.069 ± 0.06 2.5 ± 2.5 13 0.225 ± 1.775
0.123 Zazo 2003

36.72 −4.42 F Glycymeris sp. 0.069 ± 0.06 10 ± 10 7 0.247 ± 2.77536
0.192 Vera 2004

Note. Rates in top portion of the table were used to test predicted uplift rates, see body text (Figure 8). PWD = palaeo-water depth estimated by converting the
palaeo-environment given in PaleoDB using Immenhauser (2009)'s scheme. H = Elevation of sample extracted from ASTER GDEM. Uplift rates are millimeter
per year. Studies are lead author followed by year, see bibliography for full reference.

(Figure 5a). At face value, the distribution of marine fossils indicate that the central and coastal parts of the
Pyrenees became terrestrial after∼60 and ∼35 Ma, respectively. They show that southern Iberia experienced
Neogene-Recent uplift, which corroborates our earlier synthesis of stratigraphic constraints.

An important consideration when calculating uplift from marine fauna is paleo-water depth, which we
interpreted from the Paleobiological Database. Most Cenozoic Iberian marine fauna are suggestive of neritic
environments, which yields a relatively small paleo-water depth correction (i.e., 0–150 m; Immenhauser,
2009). However, in some places fauna are indicative of bathyal environments, which result in larger errors.
Stratigraphic ages and their uncertainties were extracted from the Paleobiological Database. We assumed
that Cenozoic sea level varied by ±50 m, which is probably appropriate for the time scales of interest
(e.g., Miller et al., 2005; Sidall et al., 2006). Our results are summarized in Figure 5. The age, eleva-
tion, and paleo-water depth of each sample was used to estimate cumulative and average rates of uplift
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(Table 1). Average calculated uplift rates are O(10−3–10−1) mm/year and are highest on the southeastern
coast (Figure 5b).

2.3. Marine Terraces: Radiometric Dating
Absolute dates exist for some marine terraces in southern and western Iberia. For example, U/Th dating
of an 11-m high marine terrace from Tarifa, Gibraltar Strait, yields an age of 95 ± 10 ka and average uplift
rates of 0.11+0.05

−0.08 mm/year (Zazo et al., 1999). A U-dated terrace from Casa de Renco, southeastern Iberia,
yields an average uplift rate of 0.04+0.01

−0.02 mm/year (Zazo et al., 2003). Radiocarbon and optically stimulated
luminescence dating of a suite of raised beaches indicate that parts of the Estremadura coastline, on Iberia's
Atlantic margin, have been uplifted by tens of meters since∼35–42 ka (Benedetti et al., 2009). Further south,
close to Cadiz, 1–3 m high (above modern sea level), Upper Pleistocene beach and calcrete deposits have
radiocarbon dating ages of∼13–32 ka (Gracia et al., 2008). Figueiredo et al. (2014) correlated uplifted marine
terraces along western and southwestern Portugal with Marine Isotope Stages to suggest average uplift rates
of fractions of a millimeter per year since ∼330 ka.

2.4. Denudation and Rock Uplift: Thermochronometry
Histories of rock cooling, and by inference denudation and uplift, of some parts of Iberia have been con-
strained by thermochronometry (e.g., zircon, apatite fission tracks, U-Th/He; see, e.g., Juez-Larré & Ter
Voorde, 2009). Calculated Cenozoic closure ages of a subset of samples are suggestive of Oligocene to Recent
kilometer-scale erosional or tectonic denudation of large parts of the peninsula (e.g., Figure 5c). For exam-
ple, high Miocene denudation rates (∼5–10 km/Ma) have been estimated radiometrically (e.g., whole-rock
Rb-Sr, K-Ar and 40Ar/39Ar) and from corroborative benthic foraminifera and nannoplanktonic observations
in the southern part of the Betic Cordilleras (Zeck et al., 1992). Apatite fission track analyses of samples from
the Betic Cordillera have closure ages of∼16–2 Ma (Johnson, 1997). These results are broadly consistent with
youngest fission track ages from samples in other parts of the cordillera and are generally interpreted as a
record of tectonic and erosional denudation (Lonergan & Johnson, 1998; Platt et al., 2005). Across the Cata-
lan Coastal Ranges zircon and apatite fission tracks ages have a broad spread of closure ages from 223–21 Ma,
apatite (U-Th)/He ages vary between 58 ± 3 and 2 ± 0.2 Ma, which are interpreted as indicating ≲2 km of
post-Oligocene exhumation, however the presence of high heat flow, hot springs, and mineralization, which
are suggestive of advection of hot fluids, makes it difficult to assert a stable geotherm (Fernandez et al., 1998;
Juez-Larré & Andriessen, 2006). Apatite (U-Th)/He data from the Sierra de Cameros, north-central Iberia,
have closure ages of 43–30 Ma (Del Río et al., 2009). If we assume a geothermal gradient of 30 ◦C/km and
(U-Th)/He closure temperatures of 60–70 ◦C, these results suggest that at least some parts of the Iberian
Range have been exhumed by ∼1–2 km since ∼30 Ma, however, the geothermal gradient may have been
higher (cf. Del Río et al., 2009). Apatite fission tracks analyses from the Pyrenees indicate closure ages of
∼35–13 Ma (Sinclair et al., 2005). Lower temperature apatite (U-Th)/He closure ages are broadly consis-
tent with these results (Gibson et al., 2007). Collectively these thermochronometric constraints indicate that
parts of southern and central Iberia, and the Pyrenean mountains, have experienced at least a kilometer of
exhumation since ∼30 Ma. The timing of Neogene exhumation is broadly coeval with biostratigraphically
constrained uplift (cf. Figure 5).

In summary, a broad suite of stratigraphic, biostratigraphic, radiogenic, and thermochronological data sug-
gest Iberia has been uplifted and denuded during the last 30 Ma. Seismological observations combined with
this inventory of uplift and denudation constraints indicate that evolution of the Pyrenees and Betics can be
partially attributed to crustal thickening and loading. However, large parts of Iberia that have been uplifted
at long wavelengths and denuded during the last 30 Ma are not associated with thick crust. These obser-
vations suggest that subcrust and perhaps subplate support might play an important role in governing the
evolution of Iberian topography. The distribution of uplift and denudation measurements is clustered and
is, in some places, sparse, which makes it challenging to reconstruct a Neogene history of dynamic support.
We investigate whether these spot measurements can be augmented by inversion of drainage patterns.

3. Geomorphic Considerations
It is generally agreed that uplift and erosional processes control the shapes of drainage networks. The shapes
of longitudinal river profiles (i.e., elevation as a function of distance), for example, appear to be sensi-
tive to changing patterns of uplift and erosion (e.g., Anderson & Anderson, 2010). Consequently, a large
body of work has focussed on extracting tectonic and erosional information from them (e.g., Howard, 1980;
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Figure 6. Iberian drainage patterns. Black/colored curves = fluvial networks extracted from ASTER GDEM.
Colored curves = major catchments: D = Duero; T = Tajo; Gi = Guadiana; Ga = Guadalquivir; S = Segura; E = Ebro.

Pritchard et al., 2009; Rosenbloom & Anderson, 1994; Stock & Montgomery, 1999; Whipple & Tucker, 1999).
Inversion of large inventories of river profiles has shown that many fluvial networks contain common-
alities that can be used to extract continental-scale histories of uplift and erosion (e.g., Paul et al., 2014;
Roberts, White, et al., 2012; Wilson et al., 2014). The ubiquity of drainage patterns across Iberia indicates
that inverting for a spatiotemporal history of uplift might be fruitful.

Drainage patterns were extracted across the peninsula from the ASTER digital elevation model, which has a
horizontal resolution of ∼30 m. The drainage network was extracted using ESRI's flow routing algorithms.
First, local elevation pits and peaks were removed. Then flow directions, accumulation, and length were
calculated from the “filled” digital elevation model using a D8 (steepest down-slope, near-neighbor) algo-
rithm (Tarboton, 1997). The veracity of extracted drainage patterns was examined using satellite imagery
(e.g., Landsat, Copernicus). The same flow routing process was performed using the SRTM 3-arc second
(∼90 m) digital elevation model to further examine fidelity of extracted drainage patterns. The final drainage
network contains 3,217 rivers extracted from the ASTER digital elevation model (Figure 6a).

It is widely acknowledged that the shapes of river profiles depend on a combination of autogenic and allo-
genic processes operating at a range of wavelengths. For example, erosion rates at some scales are probably
determined by the tensile and compressive strength of a river's substrate and by its orientation of joints
and fractures (e.g., bedrock; Duvall et al., 2004). Biological activity and precipitation (discharge) also have
important roles in determining the erosional efficacy of rivers at some scales (e.g., Roe et al., 2002; Whittaker
& Boulton, 2012). It is, however, generally unclear how substrate translates into erodibility. Wavelet spectra
of some river profiles provide some insights and suggests that most (≳90%) spectral power is generated at
wavelengths greater than a few tens of kilometers, which suggests that short wavelength changes in sub-
strate have a small effect on the shape of most river profiles (Roberts et al., 2019). Inverse modeling of
river profiles suggests that changes in precipitation rate on time scales of less than a few million years (e.g.,
Milankovich cycles) do not significantly affect the shapes of longitudinal river profiles (e.g., Paul et al., 2014;
Wilson et al., 2014). Notwithstanding these general statements, we compare the shapes of Iberia's principal
rivers to substrate geology, biota, and precipitation (Figure 7).

Iberia's rivers cross a range of lithological contrasts. For example, the Tajo river, which drains central Iberia,
flows through alternating Triassic and Jurassic rocks, a Neogene-Quaternary basin, Cambrian, Ordovician,
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Figure 7. Lithology, biota, precipitation, and river profiles. Six major rivers atop (a) lithology from GEO42L
model, v∕m labels = igneous/metamorphic rocks (Pawlewicz et al., 1997); (b) Biota (Sayre et al., 2014), note legend
bottom right of figure; (c) Precipitation (Fick & Hijmans, 2017). (d–i) Black lines = longitudinal river profiles for the
major Iberian catchments shown in Figure 6; red dashed lines = calculated upstream drainage areas; colored
barcode = lithology from GEO42L model.

and Palaeozoic igneous bedrock, Cenozoic deltaic deposits, and isolated Jurassic and Pre-Cambrian outcrops
(Figure 7f). They also flow through a range of different biotic environments (Figure 7b). In general, Iberia's
rivers flow from forest and shrubland, through cropland and grassland to mosaic vegetation on the western
coast or sparse vegetation on the eastern coast. The modern Tajo, for example, originates in the forest and
shrubland of the Montes Universales, flows through alternating cropland, mosaic vegetation, and forest of
the Parque Natural do Tejo Internacional, and finally through Lisbon (Figure 7b). Modern precipitation rates
are highest (>1,500 mm/year) in the northwest and throughout the Pyrenees mountains, they are lowest
along the southern coast and in Iberia's interior (<500 mm/year, Figure 7c).

The longitudinal profiles of Iberia's six largest rivers—Duero, Ebro, Tajo, Guadiana, Guadalquivir,
Segura—are shown in Figure 7. The Duero river, which drains northern Iberia, has a broad (∼400 km long)
knickzone (change in slope) centered at ∼700 km distance from its head, which traverses a range of litholo-
gies, biotic realms, and precipitation rates. This knickzone has ∼600 m of relief. The Tajo river, draining
central Iberia, has a large (∼400 km long × 250 m relief) knickzone centered at ∼800 km from its head. Sim-
ilarly the Ebro, Guadiana, and Segura rivers contain broad, O(100) km wide, O(100) m relief knickzones.
The correlation between the shapes of rivers in these six large catchments and changes in lithology, biota,
or modern precipitation appears to be weak in general although the large knickzone on the Duero river
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coincides with Precambrian and metamorphic rock downstream of Neogene and Quaternary cover. Short,
O(10) km, wavelength changes in substrate do not tend to correlate with changes in river shapes either (i.e.,
elevations, slopes, curvature), which is consistent with observations elsewhere (Paul et al., 2014; Roberts,
White, et al., 2012).

These observations suggest that the shapes of most Iberian rivers contain long wavelength commonalities
that are probably not controlled by substrate or modern precipitation patterns. Instead, these results suggest
that inverting for histories of long wavelength uplift might compliment histories determined from strati-
graphic observations. Our approach to constraining the evolution of Iberia's drainage patterns has four steps.
First, we examine observations that constrain the history of uplift and erosion of Iberian rivers on time scales
O(1–10) Ma. Second, we use these observations to calibrate a stream power erosional model. Third, this cal-
ibrated erosional model is used to invert our drainage inventory for a smooth, regularized, history of uplift.
Finally, calculated uplift is compared to independent estimates of uplift extracted from the biostratigraphic
and radiometric inventory of uplift spot measurements.

3.1. Drainage Patterns and Geomorphic Modeling
Mapping of fluvial terraces, morphometric analyses of longitudinal river profiles and planforms, landscape
evolution models, and the stratigraphic archive have been used to constrain the evolution of fluvial processes
throughout Iberia (e.g., Antón et al., 2012, 2014; Casas-Sainz & De Vicente, 2009; Cunha & Pereira, 2000;
Cunha et al., 2005; Jones, 2002; Pérez-Peña et al., 2010; Santisteban & Schulte, 2007; Viveen et al., 2013).
Rivers draining into the Atlantic Ocean and Mediterranean Sea contain fluvial terraces, which suggest that
Iberia's rivers are responding to regional uplift (e.g., Cunha et al., 2005; Martins et al., 2009). The strati-
graphic archive in Iberia's internal basins (e.g., Ebro, Duero) and estimates of sedimentary flux to its margins
indicate that Iberian drainage, its sedimentary flux, and its routing systems have evolved throughout Neo-
gene times (e.g., Evans & Arche, 2002; Fisher & Nichols, 2013). Rerouting of the Tajo and Duero rivers, for
example, has been linked with Upper Miocene uplift of the Central System and Iberian Chain (Casas-Sainz
& De Vicente, 2009). Parts of Iberia, notably the Duero and Ebro basins, were probably internally drained at
various times during the Neogene (e.g., Antón et al., 2014; Fisher & Nichols, 2013; Garcia-Castellanos et al.,
2003). The change from endorheic to exorheic drainage in these basins has been attributed to Neogene uplift
(Casas-Sainz & De Vicente, 2009).

A body of work exists that makes use of the stream power erosional model (e.g., slope-area and “chi” analy-
ses) to predict patterns of fluvial incision, longitudinal profiles, and drainage divide migration across Iberia
(e.g., Giachetta et al., 2015; Vacherat et al., 2018). We investigate whether an inverse approach that makes
use of a simple version of the stream power erosional model and smoothly varying uplift rates can be used
to predict meaningful histories of uplift.
3.1.1. Erosional Model
Fluvial erosional models (e.g., stream power) are well documented (e.g., Howard, 1980; Rosenbloom &
Anderson, 1994; Whipple & Tucker, 1999). In a simple form, they predict that the elevation of a river is
controlled by rates of erosion, E, and uplift, U, both of which can vary as a function of space, x, and time, t,

𝜕z
𝜕t

= −E(x, t) + U(x, t). (2)

The crux of the problem in using such models to extract information about histories of uplift is parameteriza-
tion of the erosional process. In principal, if histories of erosion are known one can solve for uplift histories
using the shape of modern rivers. In some places, knickzones have been shown to propagate upstream
with velocities that are broadly proportional to upstream drainage area (e.g., Czarnota et al., 2013; Stock &
Montgomery, 1999). These observations are probably the strongest indication that fluvial erosion can be
modeled using an advective scheme in which kinematic waves of erosion propagate headward. A relatively
simple version of the stream power model that has been used to successfully invert for uplift histories can
be expressed as

E = vAm
(
𝜕z
𝜕x

)n
, (3)

where A is upstream drainage area and 𝜕z∕𝜕x is slope. v determines the time scale of knickpoint retreat
and must be calibrated independently (e.g., from geological measurements). v trades off with m, such that
similar advective velocities can be achieved for different combinations of v and m (Roberts & White, 2010).
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The distribution of best-fitting theoretical knickzones within families of drainage networks appears to be to
some extent governed by the values of m and n. For example, Paul et al. (2014) found n = 1 yields the best
fit to a large inventory of drainage patterns, which is concordant with some field evidence (e.g., Whittaker
et al., 2007; Whittaker & Boulton, 2012). However, there is some debate about the values of n and if n ≠ 1
shock waves can develop (see, e.g., Pritchard et al., 2009).

Slope-area analyses, and increasingly chi-elevation analyses, are favored methods for solving the stream
power model and have been used on drainage networks through Iberia (e.g., Schoenbohm et al., 2004;
Vacherat et al., 2018; Willett et al., 2014). However, both approaches have significant drawbacks if one wishes
to solve for histories of uplift. Slope-area analyses assume that rivers, or their constituent tranches, are at
steady state (e.g., 𝜕z∕𝜕t = 0), which in our view is almost never justified, and especially not for rivers that
evolve on geological time scales. Furthermore, slope-area analyses necessarily requires differentiation of
discrete and often noisy digital elevation data, which yields unstable solutions (see, e.g., Roberts, White,
et al., 2012). Landscape response times can be calculated at continental-scales by integrating the stream
power model (e.g., 𝜏 = ∫ dx∕vAm; Roberts, Paul, et al., 2012). However, we caution against the use of such
metrics, including normalized versions (e.g.,𝜒), to extract information about evolution of drainage networks
(e.g., divide migration) because they fundamentally depend on where erosional signals are inserted, which
is often poorly known. Another way to address this problem is to invert for spatiotemporal uplift histories
using an integral approach to solve the stream power model. In that way one does not assume steady state,
but allows for it, we do not have to differentiate the data, and the locations at which erosional signals are
inserted into the model are not assumed a priori.
3.1.2. Inverse Modeling
Pritchard et al. (2009) and Roberts and White (2010) showed that individual river profiles can be inverted for
uplift rate as a function of time. Roberts, White, et al. (2012) and Paul et al. (2014) solved the more general
problem to invert multiple river profiles for uplift rate as a function of space and time. They investigated the
effects of changing erosional parameters (e.g., m, n) and precipitation rates for calculated uplift histories and
shapes of theoretical river profiles. Goren et al. (2014) created a linear Bayesian approach to invert drainage
patterns for uplift rate histories. Rudge et al. (2015) showed that smooth histories of uplift can be extracted
from continental-drainage networks using a linearized approach without recourse to prior information.
These linear models are considerably quicker than the more general numerical optimization models. There
is a growing literature focussed on the development and application of such inverse approaches to under-
stand fluvial landscape evolution (see, e.g., Campforts & Govers, 2015; Croissant & Braun, 2014; Fox et al.,
2014; Glotzbach, 2015).

We followed the methodology described in Rudge et al. (2015) to invert Iberia's drainage network for spa-
tiotemporal histories of uplift rate. First, the method of characteristics is used to solve the stream power
model for each river, producing two general solutions in integral form

𝜏g = ∫
x(t)

0

dx
vAm , (4)

z∗ = ∫
𝜏g

0
U(x(t), t)dt, (5)

assuming boundary conditions

x = x∗, z = z∗ at t = 0 (6)

and

x = 0, z = 0 at t = 𝜏g. (7)

Today at position x∗, elevation is z∗. At a given time, 𝜏g, the river profile intersects the river mouth (x = 0)
at sea level (z = 0). Uplift rates are defined at discrete spatial and temporal nodes, producing U, a vector of
values (see, e.g., Figure A1 in ; Rudge et al., 2015). Our model is discretized using a regular spatial grid that is
composed of triangles and is evenly sampled in time. Vertex spacing was 40 km and 0.9 Ma. The starting set
of U in the inverse model is the null set. Given positions x∗, integration of equation (4) gives characteristic
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Figure 8. Calibration of erosional model. (a) Residual rms misfit as a function of erosional parameter, m.
Arrow = value of preferred model. Bar = models with low residual misfit. (b) Data misfit as a function of model
smoothness for range of temporal smoothing values, 𝜆t . Arrow = optimal value. In these tests 𝜆s was 0. (c) Data misfit
as a function of spatial smoothing. (d) Observed versus predicted uplift rates. Circles = uplift rates and errors
calculated from palaeontological data (see Table 1). Triangles = uplift rates and errors from dated marine terraces (e.g.,
Zazo et al., 1999, 2003; Table 1). Errors in predicted rates = range of values in a 30-km annulus. Diagonal black
line = 1:1 match. Solid gray line = linear regression of observed versus predicted rates; r2 = 0.66. Dashed gray
lines = regression of observed versus calculated uplift rates for two scenarios in which v was increased or decreased by
an order of magnitude. rms = root-mean-square.

curves. The trapezoidal rule is used in combination with these characteristic curves to discretize equation (5)
and produce a matrix equation for a set of elevations, z,

z = MU. (8)

This matrix equation is then inverted using a nonnegative linear least squares approach to find uplift values,
U. Since M is often undetermined damping is required, and we minimize

|MU − z|2 + 𝜆2
S|SU|2 + 𝜆2

T|TU|2, subject to U ≥ 0, (9)

where 𝜆S and 𝜆T are the spatial and temporal smoothing parameters, respectively. The spatial smoothing
matrix, S, is given by

|SU|2 = ∫s ∫
tmax

t=0
|▽U|2 dt dS, (10)

and the temporal smoothing matrix, T, by

|TU|2 = ∫s ∫
tmax

t=0

||||𝜕U
𝜕t

||||
2

dt dS. (11)

Following calibration of erosional parameters we can invert for regional uplift histories.
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Figure 9. Longitudinal river profiles. (a-f) Observed (gray) and best-fitting theoretical (dotted) longitudinal river
profiles for the major Iberian catchments shown in Figure 6. Theoretical river profiles were produced by uplift history
shown in Figure 10. Residual rms misfit is shown for each catchment; global residual rms misfit = 0.96.
rms = root-mean-square.

3.1.3. Model Calibration and Damping
An important feature of inverse modeling is that the effect erosional and damping parameters have on results
can be objectively assessed by calculating residual root-mean-square (rms) misfit between observed and
calculated river profiles. We calculate rms misfit as√√√√√ 1

K

I,J∑
i𝑗=1

(
zo

i𝑗 − zc
i𝑗

𝜎i𝑗

)2

, (12)

where j is number of river profiles, i is number of points on a given profile, K is the total number of points,
zo and zc are observed and calculated river profile elevations, 𝜎 is the uncertainty in elevation, which we
set to 20 m. Following Paul et al. (2014) and Giachetta et al. (2015) we set n = 1 and performed a suite of
tests in which the erosional parameter m was systematically varied between 0.1 and 0.8. The lowest residual
rms misfit between observed and theoretical rivers was obtained for m = 0.44 (Figure 8a). The value of
v was set so that calculated uplift of the Pyrenees postdates the age of the youngest marine sample in our
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Figure 10. Calculated uplift history. (a) Calculated cumulative uplift history from 37.7 Ma to present. Red dots = vertices at which uplift is inserted into the
model. (b) Calculated uplift rates. (c) Number of nonzero entries in the model matrix at each node, that is, model coverage. High coverage equates to higher
model confidence.

Pyrenean biostratigraphic data set (35 Ma; Figure 5a). We used a value of v = 1.11 m1− 2m/Ma to invert
Iberia's drainage patterns. To test the sensitivity of our results to the value of v we increased or decreased its
value by an order of magnitude and reinverted the drainage inventory (Figure 8d).

Smoothing parameters, 𝜆s and 𝜆t, control the spatial and temporal smoothing of calculated uplift, respec-
tively. Following Parker (1994)'s protocol we sought the smoothest model that yielded the minimum misfit.
Figure 8 shows residual rms misfit plotted as a function of model misfit for a range of 𝜆 values. The optimal
values of 𝜆S = 0.25 and 𝜆T = 4. Global residual rms misfit is 0.96. Residual rms misfit of the major drainage
basins is between 0.15 and 0.43 (Figure 9). Model coverage is highest for cells that intersect the downstream
trunks of major rivers and decreases significantly at ages older than ∼30 Ma as expected (see Figure 10c).

3.1.4. Calculated Uplift History
The calculated history of uplift spans 60 Ma (Figure 10a). The earliest calculated uplift occurred along the
northwest coast at 35 Ma, Pyrenean growth followed at 32 Ma, originating from a central rise and spread
coastward. Pyrenean uplift rates increase with time and peak during the last 5 Ma. Uplift of the Cantabrian
mountains occurred between ∼27 and 2 Ma, beginning on the western coast. From 18 Ma to present, uplift
migrated southeast initiating growth of the Central Spanish System. The Iberian Chain grew at rates of up
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Figure 11. Shear wave to temperature conversion. (a) Dog-leg cross section through shear wave model designed to
intersect volcanic regions (updated from Fichtner & Villaseñor, 2015; see inset map). Gray/white/black
circles = velocities extracted at locations shown on inset map (Calatrava/Valencia/Catalan). (b) Look-up chart showing
temperature as a function of depth (pressure) and velocity from Priestley and McKenzie (2006)'s parameterization.
Gray/white/black circles = velocity-depth values for locations shown in panel (a). (c) Geotherms calculated at locations
shown in panel (a); error bars = range of value for Priestley and McKenzie (2006) and Goes et al. (2000)
parameterizations of Vs(P,T); dashed line = dry peridotite solidus (Katz et al., 2003). (d) Uplift calculated along
X − X′−X′′ transect; error bars = range of values for Priestley and McKenzie (2006) and Goes et al. (2000)
parameterizations (see body text for details). (e) Topography, crustal, and lithospheric thicknesses atop
temperature/depth model calculated using Priestley and McKenzie (2006) parameterization along transect; circles with
error bars = 1330 ◦C isotherm (base of the plate) from Priestley and McKenzie (2006) and Goes et al. (2000)
parameterizations. Black curve = crustal thicknesses extracted from gridded receiver function synthesis (see Figure 1;
Mancilla & Diaz, 2015). Note change in vertical scale. Labeled circles = locations shown in panel (a) centered on
Calatrava (C), Valencia (V), and Catalan (Garrotxa; G) volcanic fields; note coincident relatively shallow and warm
asthenosphere.
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to ∼0.24 mm/year. Calculated uplift of the Betic Cordillera initiated at ∼17 Ma and has had rates of up to
∼0.23 mm/year.

4. Discussion
4.1. Fidelity of Calculated Uplift
Calculated cumulative uplift unsurprisingly resembles a smooth version of modern topography (Figure 10a).
The inventory of independent uplift constraints estimated using dated marine terraces and biostratigraphic
observations can be used to test our results (Figures 5 and 8 and Table 1). We used the fossils with small
palaeo-water depth errors (≲20 m) that came from marine terraces with ages greater than the temporal reso-
lution of our model (∼1 Myr) to test our predictions. These observations result in the smallest uncertainties
in measured uplift rates. A linear regression between calculated and observed uplift rates is shown as the
gray line in Figure 8. It lies close to the 1:1 line and has an r2 values of 0.66. The dashed lines in Figure 8
show linear regressions for models where v has been either increased or decreased by an order of magni-
tude, which clearly yield poor matches to independent uplift estimates and suggest that our chosen value
for v is of the correct order.

Another constraint on the history of Iberian landscape and lithospheric evolution is exhumation recorded
by low temperature thermochronometry (Figure 5c). Converting rock cooling estimates into denudation,
uplift, or changes in structural relief is not trivial. Denudation is probably not equivalent to uplift in many
circumstances. However, denudation can drive rock uplift via isostatic adjustment and rock uplift can drive
denudation by generating changes in potential energy on broadly comparable time scales (e.g., base-level
changes). Therefore, it can be informative to compare histories of denudation and rock uplift. We note that
the timing of calculated uplift is broadly consistent with exhumation recorded by apatite fission track and
U-Th/He thermochronometry across Iberia. For example, Fitzgerald et al. (1999), Metcalf et al. (2009), and
Beamud et al. (2011) estimated rapid Oligocene exhumation in the Pyrenees beginning on the south flank of
the axial zone using apatite fission track thermochronology. Our calculated history of uplift predicts initial
Pyrenean uplift at ∼32 Ma, which is broadly coeval with this phase of exhumation. Gibson et al. (2007)
estimated exhumation rates in the Pyrenees of up to 1.5 mm/year at ∼30 Ma, slowing to 0.1 mm/year at
∼20 Ma. Metcalf et al. (2009) discovered a second phase of rapid exhumation beginning at 5 Ma, our model
predicts an increase in uplift rate at ∼5 Ma.

De Vicente et al. (2007) studied apatite fission tracks in the Central Spanish System and noted a significant
increase in exhumation at ∼10 Ma, which is broadly coeval with a phase of rapid uplift predicted by our
model. Thermochronometric constraints from the Betics indicate rapid exhumation between∼19 and 16 Ma
and a second phase since 5 Ma (Sosson et al., 1998). Our model predicts rapid uplift of the Betics at ∼17 Ma.

These results suggest that as well as undergoing Cenozoic shortening and subsidence Iberia also experienced
kilometer-scale Neogene epeirogenic uplift and denudation. Basaltic magmatism and slow shear wave veloc-
ity anomalies indicates that subplate support might have played an important role in generating Neogene
uplift, which we examine in the following section.

4.2. Subplate Thermal Anomalies
To investigate the role of asthenospheric temperatures in generating support we first convert our updated
full waveform shear wave model to temperature and then calculate upper mantle isostatic support. A cross
section of seismic velocities through Iberia, which intersects the Calatrava, Valencia, and Catalan volcanic
provinces is shown in Figure 11. Seismic velocities as a function of pressure (depth, z) beneath Iberia have
been converted into temperature using Priestley and McKenzie (2006)'s Vs(P,Θ, a) empirical parameteriza-
tion, where P is pressure,Θ is temperature in ◦C, and a encapsulates the activation process. Their conversion
scheme can be expressed as

Vs = {1 + bv(z − 50)}
{

mΘ + c + A exp
(
−E − PVa

RT

)}
, (13)

where empirical constants bv = 3.84 × 10−4 km−1, m = −2.8 × 10−1 m·s−1 · ∮ C−1, c = 4,720 m/s,
A = −1.8 × 1016 m/s, and activation energy and volume are E = 409 × 103 J/mol and Va = 10 ×
10−6 m3/mol, respectively, R is the gas constant and T is temperature in Kelvin. Pressure was assumed to be
lithostatic such that P = 𝜌gz, where 𝜌 = 3,300 kg/m3, which yields P ≈ 30z MPa, if z has units of meters.
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Figure 12. A history of Iberian epeirogeny. (a) Iberian topography and crustal thickness (gray polygons) atop slices
through shear wave tomographic model; P = Pyrenees; C = Cantabrian Mountains; IC = Iberian Chain;
SCS = Spanish Central System. Thin black line = projected coastline. (b) Calculated cumulative uplift at 20, 7, and
0 Ma. Box shows calculated cumulative uplift at 0 Ma atop cross sections through upper mantle thermal structure
calculated using Priestley and McKenzie (2006)'s parameterization. Dashed lines = calculated 1330 ◦C isotherm.

Equation (13) was used to generate the look up chart shown in Figure 11 from which temperatures can be
readily extracted as function of depth and Vs.

Calculated temperatures were compared to Goes et al. (2000)'s mineral physics-based parameterization
(Figure 11c; see Lodhia et al., 2018). Figure 11c shows temperatures beneath the Calatrava and Catalan
volcanic provinces and the Valencia volcanic zone. The highest calculated temperatures (1492 ± 14 ◦C) are
beneath the Calatrava volcanic province, which has young (1.8–7.6 Ma) basaltic magmatism (Figure 11c;
Cebriá & Lopez-Ruiz, 1995). Here the 1330 ◦C isotherm here is calculated to be shallow (∼100 km) and
≲100 km beneath much of central Iberia. Uncertainties in temperatures were calculated from the range
predicted by Priestley and McKenzie (2006) and Goes et al. (2000)'s parameterizations.

To estimate topographic support, U, generated by asthenosphere thermal anomalies we use a simple isostatic
calculation

U = h𝛼T
1 − 𝛼T◦

, (14)
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where h is thickness of the asthenospheric channel, thermal expansivity 𝛼 = 3.28 × 10−5 ◦K−1, T is average
excess temperature between 100 and 300 km, and T◦ is background temperature, which we set to 1330 ◦C
(Rudge et al., 2008). An estimate of asthenospheric support with a channel thickness of 200 km is shown in
Figure 11d. Uncertainties show the range of values calculated using the Priestley and McKenzie (2006) and
Goes et al. (2000) parameterizations. Average excess asthenospheric temperatures beneath Calatrava and
Catalan volcanic provinces are estimated to be 96 and 82 ◦C, which indicates isostatic support of 0.4–1.0 and
0.3–0.9 km, respectively. The measured elevations at these two locations are 0.8 and 1.0 km, respectively.
Average calculated asthenospheric isostatic support of Iberia is ≳0.4 km almost everywhere.

We suggest that asthenospheric temperature anomalies beneath most of Iberia are sufficiently high to
account for 0.4–0.8 km of its long wavelength (≳100 km) topography. Histories of uplift indicate that these
thermal anomalies grew during the last ∼30 Ma (Figure 12). We note that Iberian plate motions have been
small during this time, which might have facilitated the expression of subplate thermal anomalies in Iberian
topography (e.g., Seton et al., 2012). Crustal thickness changes and loading of the lithosphere in the Pyre-
nees, Iberian Chain, and Betic Cordilleria have played important roles in generating vertical motions at
shorter wavelengths (see, e.g., Banks & Warburton, 1991; Muñoz, 1992; Vissers et al., 1995).

5. Conclusions
Seismological observations (e.g., receiver functions), simple isostatic calculations, and the transfer func-
tion between gravity and topography indicate that not all of Iberia's topography is supported by changes in
crustal thickness or flexural responses to loading of the plate. Instead, full waveform shear wave tomography
and extrusive magmatism suggest that the mantle beneath Iberia is anomalously warm. Young intraplate
magmatic provinces (e.g., Calatrava, Catalan) appear to sit atop asthenosphere with positive excess temper-
atures. Conversion of the shear wave model into temperature and simple isostatic calculations indicate that
∼0.4–0.8 km of Iberia topography is supported by the uppermost convecting mantle. We investigated the
timing of growth of this topographic support using an inventory of biostratigraphic and absolute dating of
uplifted terraces and marine rock. These observations were augmented by inversion of 3,217 longitudinal
river profiles. Calculated uplift rates match independent uplift rates obtained from the fossil and uplifted
marine rock database. Calculated uplift rates are O(10−3–10−1) mm/year during the last 30 Ma. We sug-
gest that calculated uplift combined with seismological and magmatic observations indicate that Neogene
epeirogeny of Iberia was a response to the development of thermal anomalies with excess temperatures of
O(10–100)◦K beneath the Iberian plate.
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