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Extended Data Fig. 7 | Observations from the hand-driven dynamic cone 
penetrometer. (a-c) Basic anatomy of the cone penetrometer (a), and an 
illustration of how the cone penetrometer is used to extract regolith strength 
profiles (b-c). The cone penetrometer has a conical tip that penetrates deeper 
into the subsurface each time the falling weight is dropped onto the fixed anvil 
located at the top of the driving rod. The raw data collected at each of the 
n = 212 cone penetrometer profiles (see Extended Data Fig. 6b for the site 
locations) is the cumulative penetration depth as a function of the cumulative 
number of strikes (the number of times the hammer was dropped). We take  
the numerical derivative of these cumulative strikes vs. penetration depth 
observations to calculate the local (depth-dependent) regolith weakness, 

reported in units of cm of penetration per strike. (d) A comparison between the 
cone penetrometer observations of regolith weakness and the co-located 
power-corrected GPR waveforms (see Supplementary Information). Five ridge-
top cross-sections are illustrated here. Another five example transects are 
shown in Fig. S7 of the Supplementary Information. Shaded red boxes show  
the estimated position of the soil–saprolite boundary based on the cone 
penetrometer observations, and shaded blue boxes show the estimated 
position of the soil–saprolite boundary based on the GPR observations.  
A comparison between the co-located cone penetrometer and GPR-based 
estimates of soil thickness is shown in Extended Data Fig. 6f.



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Sensitivity tests. Panels (a-c) show an evaluation of the 
uncertainty associated with the uplift and soil production estimates, panel (d) 
shows an analysis of whether trends in soil thickness are controlled by the 
bedrock lithology, and panels (e-g) show a test of whether the observations in 
Fig. 5 are robust to different soil thickness datasets. (a-b) Spatial patterns of 
uncertainty in the cumulative uplift (a) and uplift rate (b) from the MCMC uplift 
inversions illustrated in Fig. 2. In (a)-(b), the contours and the shaded red colors 
show the interquartile range (25th to 75th percentiles) of the MCMC uplift 
estimates. Typical uncertainties on the local uplift rate are approximately  
0.25 mm/yr. Note that the second zone of high uncertainty in the reconstructed 
uplift rates (at a distance of approximately 4000 m along DBPR) corresponds 
to the ambiguous and poorly-constrained termination of the slow regional 
subsidence illustrated in Extended Data Fig. 5a-b. The tectonic motion in this 
terminal region of the DBPR is more poorly constrained because there is no 
longer an exposed stratigraphic contact between the Tan and Gray members of 
the Paso Robles Formation (see the geological map in Fig. 2). (c) Reconstructed 

soil production rates (via equation (2)), with associated 1σ uncertainties. The  
P values are estimated for each of the 47 ridgelines shown in Extended Data 
Fig. 6, using interpolated soil thickness data from (d) to estimate the H
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 term at 
ridgelines with no soil thickness measurements. (d) A comparison between the 
soil thickness estimates made from the cone penetrometer transects and the 
GPR profiles, both plotted as a function of distance along DBPR. Soil thickness 
observations are color-coded according to the stratigraphic unit in the Paso 
Robles Formation. We do not find evidence that the soils above the closely-
spaced Gray, Tan, or Pink members are systematically thinner or thicker.  
(e-g) Same crossplots as in Fig. 5, but here the soil thickness data are based on 
the GPR measurements rather than the in-situ cone penetrometer observations. 
Comparison of this figure with Fig. 5 shows that both soil thickness datasets 
reproduce the key observation of our study: there is a counter-clockwise (CCW) 
hysteresis of soil thickness vs. soil production rate (e), and a clockwise (CW) 
hysteresis of soil thickness vs. saprolite strength (g).



Extended Data Fig. 9 | Example soil pit observations. In total, we dug n = 22 
soil pits along the length of DBPR (see Extended Data Fig. 6c). At each soil pit, 
we documented vertical changes in: (i) the grain size of the sedimentary matrix, 
(ii) the composition, angularity, size, and abundance of clasts, (iii) the degree  
of cementation or lithification, and (iv) the preservation or destruction of  

the primary fabric of the sedimentary rocks of the Paso Robles Formation.  
We used these textural observations to infer the position of the soil–saprolite 
boundary. See Figs. S14-S18 of the Supplementary Information for additional 
observations.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | A bottom-up control on soil production through 
rock fracture. (a-c) A conceptual model in whuich three broad categories of 
stress influence rock strength and thereby regulate the breakdown of saprolite 
to mobile soil: (a) tectonic stresses, (b) topographic stresses, and (c) environmental 
stresses. (a) First, tectonically-active convergent settings must undergo 
substantial strain67,80,81, which, in the brittle part of the crust, results in rock 
fracture67. Thus, tectonically-active uplifting regions will have more highly-
fractured rock65,67 supporting faster soil production65,75,78. (b) Second, as shown 
by refs. 27,83,84, the topography itself can become a fracture-forming agent27. 
(c) Third, environmental stresses, including cyclical temperature variations 
and biological factors (e.g., tree root expansion) are near-surface stresses that 
also are capable of fracturing rock30. The conceptual models for (a) and (c) 
come from ref. 67 and ref. 75, respectively. (d-j) Numerical exploration of 
topographic stresses at DBPR, based on the boundary-element code from  
ref. 89. The topography in (d-j) is shown with no vertical exaggeration. In the 
simulations shown in (d-j), the applied regional tectonic stress, σtect, is -5.2 MPa. 
(d-f) Estimates of stresses in the orientations σx x, σyy, and σxy. (g-h) Principal 
stresses σ1 and σ3, derived from (d-f). Estimates of the propensity for forming 

shear (mode II) fractures (i) and opening (mode I) fractures ( j). (i) Following  
ref. 85, Cmin [MPa] is the minimum cohesion required to prevent shear fracture. 
( j) Following refs. 86,87, Topen [MPa] is the tensile stress driving opening-mode 
fractures. Note that rock fracture need not occur through critical failure, as 
expressed with a Mohr-Coulomb framework. Rather, fracture can occur through 
the process of subcritical cracking30, which proceeds at stress intensities much 
lower than the critical stress intensity (Kc). Subcritical cracking proceeds slowly, 
but meaningfully over the approximately 105-yr timescales that rocks spend in 
the critical zone30. (k-l) A simple empirical test of whether topographic stresses 
could be responsible for weakening the saprolite at DBPR. Following refs. 27,84, 
we define the characteristic stress generated from topographic relief as ρgb, 
where ρ is the density of rock [kg m−3], g is the gravitational acceleration [m s−2], 
and b is the ridge-to-valley relief [m]. (k) Using the basin relief in Fig. 4b  
(and assuming a bulk density of ρ = 2,317 kg m−3)39, we constrain the pattern  
of the characteristic stress at DBPR84 and compare the result to the measured 
saprolite weakness (Fig. 4c). (l) The characteristic stress and saprolite weakness 
are significantly and positively correlated, with a Pearson correlation coefficient 
ρ(x, y) = 0.59 (p < 0.001).




