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Correcting MIS5e sea-level estimates for tectonic uplift, an example from southern California 1 

Alexander R. Simms, Dylan H. Rood, and Thomas K. Rockwell 2 

 3 

Abstract 4 

 Along tectonically active margins, the difference in elevations between global sea levels during 5 

highstands and uplifted marine terraces is a function of both tectonics and glacial-isostatic adjustment 6 

(GIA).  However, disentangling the relative influence of these two processes remains a challenge for 7 

those trying to gain insights into either process.  In this study, we outline a strategy for isolating the 8 

tectonic contribution to marine isotope stage (MIS) 5e and 5a marine terrace elevations for the 9 

southern California coast by determining the cosmogenic radionuclide burial age and elevation of the 10 

middle Pleistocene (1.48±0.17 Ma) Clairemont Terrace in San Diego.  Using this older terrace as a datum 11 

for calculating tectonic uplift rate provides a much longer time period to average out uncertainties in 12 

past local or relative sea levels (RSL) that arise from ambiguities in GIA parameters and global meltwater 13 

volumes.  The assumption of constant uplift rates is warranted for this portion of the California coast 14 

given its relatively simple tectonic setting on the rift flank of the Salton Trough.  From this approach, we 15 

determine an average uplift rate of 0.066 ± 0.020 mm/yr or 0.055± 0.013 mm/yr, depending on the RSL 16 

model used for the time of the Clairemont Terrace formation, for much of the San Diego coastline.  17 

Correcting for this tectonic uplift rate leaves an estimate of 15.1 +2.6/-3.1 m (16.4 +1.9/-2.6 m) and 4.8 ± 18 

1.9 m (5.6 ± 1.5 m) for RSL during MIS5e and MIS5a, respectively.  These new estimates of MIS5e and 19 

MIS5a sea levels along the southern California coast provide important constraints on GIA parameters 20 

and former ocean and ice volumes. 21 

Keywords: Interglacials; Pleistocene; Sea-Level Changes; North America; Coastal Geomorphology; 22 

Cosmogenic Isotopes 23 

 24 

1. Introduction 25 

Accurate reconstructions of past sea-levels within tectonically active margins are important for 26 

understanding rates and driving mechanisms of tectonic processes, constraining the distribution of past 27 

ice sheets, reconstructing paleogeography, and assessing future impacts of rising sea level in the 28 

modern era. Commonly, estimates of vertical tectonic motion are made by calculating the difference 29 

between previous highstand terrace elevations and modern sea levels.  However, even during past 30 

highstands, such as marine isotope stage 5e (MIS5e), 120,000 years ago, glacial-isostatic adjustment 31 

(GIA) can create significant deviations between relative sea level (RSL) experienced at a site and the 32 

global average ocean-volume change (Lambeck et al., 2012; Creveling et al., 2015).  Thus, in tectonically 33 

active areas, two unknowns largely contribute to variability in past highstand elevations: tectonics and 34 

GIA.  One approach to tackling the two-variable problem is to use numerical predictions of GIA to isolate 35 

tectonic motion (Creveling et al., 2015; Simms et al., 2016; Stocchi et al., 2018).  However, even the best 36 

GIA models require data to help determine which model parameters (e.g. Earth rheology, ice model) are 37 

most appropriate for modeling the GIA along a specified section of coast.   38 



For the tectonically active southern California Coast, GIA predictions of MIS5e sea levels range 39 

from 10-15 m (Muhs et al., 2012; Creveling et al., 2015; 2017; Simms et al., 2016).  Are these models 40 

accurate?  Ideally, the GIA models would be developed and calibrated using highstand elevations from 41 

sites without significant tectonic motion, but no sites free of tectonic motion have been identified for 42 

the California Coast.  Thus, testing these values has remained elusive.  What is needed is an independent 43 

estimate of MIS5e sea levels along this tectonically active margin.  In this study, we outline an approach 44 

to estimate tectonic corrections of MIS5e and younger RSLs by using early Quaternary (e.g. 1-2 Ma) 45 

marine terraces as datums for tectonic corrections.  We do this by providing the first numerical ages for 46 

the Clairemont Terrace near San Diego, California (Kern and Rockwell, 1992; Haaker et al., 2016; Fig. 1) 47 

using cosmogenic radionuclide (CRN) isochron burial dating (Balco and Rovey, 2008) on deeply buried 48 

quartz-rich clasts and sand.  This approach is possible in southern California given the tectonic setting of 49 

the site within the rift shoulder of the Gulf of California extension (Mueller et al., 2009), which results in 50 

a relatively low and constant rate of tectonic uplift.  Using such old marine terraces minimizes the 51 

relative importance of ambiguities in RSL that arise from uncertainties associated with past ice volumes, 52 

Earth models, and the past distribution of ice sheets because the errors associated with these 53 

uncertainties are averaged out over an order of magnitude longer time.  Thus their impacts in the total 54 

uplift rate errors are generally smaller.  Using a longer time frame for the uplift correction does leave 55 

the analysis open to more error associated with the assumption of constant uplift rates over a longer 56 

period of time.  However, for southern California, rift shoulder uplift has been ongoing for the past 5-6 57 

Ma (Mueller et al., 2009), the timeframe for rapid opening of the Gulf of California, and thus the 58 

assumption of constant uplift rates appears warranted. 59 

2. Background 60 

Glacial-isostatic adjustment refers to the deformation of the solid Earth, its gravitational field, 61 

and the oceans to the growth and decay of the global ice sheets (Lambeck and Chappell, 2001; 62 

Whitehouse, 2018).  Initially thought to only be important near former ice masses, it is becoming more 63 

apparent that its influences can be felt even at large distances from the last great ice sheets (Clark et al., 64 

1978; Lambeck and Chappell, 2001; Whitehouse, 2018).  Thus, its influences cannot be ignored and 65 

likely impacts many other measures of Earth surface processes that use the elevation of past RSLs as a 66 

datum, including rates of tectonic uplift (Lambeck et al., 2012; Creveling et al., 2015; Simms et al., 2016) 67 

or subsidence (Simms et al., 2013).  For the California coast, the elevation of past RSLs has been an 68 

important datum for calculating uplift rates from late Quaternary and Holocene marine terraces 69 

(Rockwell et al., 1989; 1992; Muhs et al., 1992; 1994; 2002; 2012; 2014; Rockwell et al., 2016).  Of these, 70 

the most widespread marine terraces used in the calculation of uplift rates have been those correlated 71 

to global highstands during MIS5a and MIS5e (Muhs et al., 1992), as these are commonly well-preserved 72 

along coasts worldwide.  GIA model predictions for the southern California coast suggest that MIS5e 73 

RSLs reached between 10-15 m above modern sea level (Muhs et al., 2012; Creveling et al., 2015; Simms 74 

et al., 2016), about 1-9 m above the average global ocean volume change of 6-9 m during MIS5e (Kopp 75 

et al., 2013).  For MIS5a, these predictions vary more widely from -8 to +1 m (Simms et al., 2016; 76 

Creveling et al., 2017), which is up to 25-30 m higher than some estimates of average global ocean 77 

volume change at that time (Lambeck and Chappell, 2001; Creveling et al., 2017).  However, a location 78 

free of tectonic motion along the Pacific Coast of North America to test this deviation from global 79 

average ocean-volume changes has not been identified. 80 



The California coast is host to all three broad types of plate boundaries: convergent, divergent, 81 

and transform.  The southern-most ~100 km of the California Coast, including our study area, lies 82 

immediately seaward of a zone of extension within the Salton Trough (Elders et al., 1972; Mueller et al., 83 

2009; Fig. 1).  As such, it has experienced a remarkably constant rate of slow uplift related to large-scale 84 

flexure of the lithosphere since post-Pliocene times (Mueller et al., 2009).  This uplift is thought to be 85 

driven by broad mantle upwelling associated with rifting beneath the Salton Trough and extending to 86 

the south into the Gulf of California (Mueller et al., 2009).  Additionally, the entire coastline between La 87 

Jolla and Newport Bay is located within an individual crustal block bounded to the north and south by 88 

faults (Axen, 1995; Haaker et al., 2017; Fig. 1).  This coherent block motion allows for a relatively straight 89 

forward approach to tectonic corrections as it appears that no active faults cut the region along the 90 

coast north of La Jolla until the Newport-Inglewood fault comes ashore near Newport Beach (Haaker et 91 

al., 2017). 92 

The San Diego County coast north of La Jolla to Newport Bay (Fig. 1) contains a nearly horizontal 93 

continuous flight of up to 16 marine terraces mappable across ~100 km of the coastline. The upper 94 

terraces are known locally as the Lindavista terrace sequence (Kern, 1977; McCrory and Lajoie, 1979; 95 

Kern and Rockwell, 1992; Haaker et al., 2016).  The flight of terraces reach an elevation of up to 155 m 96 

(Haaker et al., 2016).  Four of the higher terraces are also capped by prominent beach ridges traceable 97 

across most of their extent (Kern and Rockwell, 1992).  These beach ridges attain elevations up to 26 m 98 

above the terrace platform (Haaker et al., 2016).  The Clairemont Terrace is one of these beach-ridge 99 

bearing marine terraces and its broad surface is what much of the city of San Diego is built upon.  Below 100 

the Lindavista terrace sequence are also up to seven lower terraces, the lowest two of which, with 101 

shoreline angle elevations around 22-23 m and 9-11 m, are known as the Nestor and Bird Rock terraces, 102 

respectively (Kern and Rockwell, 1992; Haaker et al., 2016).  These two lowest terraces have been dated 103 

using U-series (Muhs et al., 2002) and amino acid racemization (Kern and Rockwell, 1992) techniques to 104 

MIS5e and MIS5a, respectively.   105 

Haaker et al. (2016) used differential GPS technology (dGPS) to survey the upper Lindavista 106 

terrace platform and shoreline elevations from the San Diego River northwest to Newport Bay (Fig. 1). 107 

Northwest from Oceanside, the broad Lindavista terrace sequence, which is cut across weakly 108 

consolidated Eocene conglomerate and shale in most of San Diego County, transitions to narrow 109 

terraces with distinct risers separating individual platforms where the underlying rock is the resistant 110 

San Onofre Breccia. Despite the transition in erosional resistance, terrace width, and terrace gradient 111 

(Haaker et al., 2016), the shorelines maintain a nearly horizontal elevation for at least 65 km of the coast 112 

(Fig. 1).  Across this portion of the coast, the shoreline angle of the Clairement terrace maintains an 113 

elevation of 96 to 97 m from the San Diego River to at least as far north as San Onofre, north of which 114 

the higher terraces are obscured by development (Haaker et al., 2016). We focused our new dating 115 

efforts on this well-developed marine terrace and shoreline.   116 

3. Methods 117 

3.1 Cosmogenic radionuclide burial age dating 118 

Cosmogenic radionuclide (CRN) burial dating techniques utilize in situ produced cosmogenic 119 

isotopes with different half-lives (e.g., 26Al, t½ = 0.7 Ma and 10Be, t½ = 1.36 Ma). The simplest case of 120 

burial dating assumes that minerals are first exposed to cosmic rays at or near the Earth's surface and 121 

then buried to a depth that shields the minerals from significant cosmic ray bombardment (Granger and 122 



Muzikar, 2001). The production rates of different cosmogenic isotopes in exposed surface material has a 123 

constant ratio (26Al/10Be = 6.75, hereafter called production ratio), and if this material is then buried 124 

deeply and rapidly so that production ceases, the 26Al/10Be ratio decreases in a predictable way over 125 

time as the two isotopes radioactively decay at different rates. Thus, the ratio of the two isotopes 126 

provides a method of determining how long the sediments have been buried.  127 

However, burial dating of sediment using cosmogenic isotopes is often complicated or rendered 128 

impossible by geologic uncertainties including unknown post-burial isotope production and an inherited 129 

inventory (Granger and Muzikar, 2001; Granger, 2006). Recently, isochron methods have made some of 130 

these geologic uncertainty issues easier to deal with (Balco and Rovey, 2008; Balco et al., 2009). A 131 

variation of the isochron dating approach described by Balco and Rovey (2008) makes use of the 132 

common post-burial history of a series of samples collected from the same depth horizon, such as in a 133 

fluvial or marine terrace, that experienced different amounts of exposure at the landscape surface 134 

immediately prior to burial (i.e., individual clasts or multiple grain sizes with different amounts of pre-135 

depositional exposure, hereafter called variable inheritance). Subsequent to burial, each sample 136 

experiences some additional nuclide production as secondary cosmic-ray particle energy, neutrons and 137 

muons depending on amount of burial, gradually attenuate with depth. However, the relative change in 138 

isotope inventories among the different samples is the same for every sample at the same depth 139 

interval. For example, the 10Be and 26Al concentrations from samples collected at the same depth, but 140 

with variable inheritance, in a sedimentary deposit are linearly related.  The slope of a line fit through 141 

such samples, plotted in 10Be-26Al space, is a function of the unique production rates and decay 142 

constants of 10Be and 26Al, any post-depositional isotope production, and the variable inheritance for 143 

each sample. The slope of the line is used as an isochron-dating algorithm (Balco and Rovey, 2008) to 144 

calculate the time of burial. 145 

For this study, we sampled two marine terrace sites close to the relic beach shorelines in road 146 

cuts with about 10 m of littoral sand and gravel overlying the abrasion platform (Fig. 2). Evidence for the 147 

littoral nature of the sands and gravels included the presence of pholad borings in the cobbles, the well-148 

rounded nature of the oblate, spheroid cobbles, the generally well sorted nature of the sands, and the 149 

well-developed stratification of the sands and cobbles.  We collected samples from deeply-buried 150 

sedimentary deposits that contained material appropriate for cosmogenic isochron burial dating, i.e., a 151 

bed that contained sediment with a grain size range from sand to cobbles (Fig. 2). This strategy 152 

maximized the likelihood that we would sample materials with variable inheritance, but the same post-153 

depositional exposure history. All samples were collected from sediments sourced from quartz-bearing 154 

(e.g. granitic) rock types, including sand, small gravel, and up to seven individual, large quartz-bearing 155 

clasts (beach cobbles) for analysis. 156 

Sample preparation chemistry was completed in laboratories at the Scottish Universities 157 

Environmental Research Centre (SUERC). We isolated and purified quartz, and extracted the Be and Al 158 

for cosmogenic isotope analysis from each sample using established isotope dilution chemistry methods 159 

(Corbett et al., 2016). Each batch of quartz samples was extracted together with a blank (i.e. carrier 160 

only) sample to monitor and correct for laboratory backgrounds. We completed 10Be and 26Al isotopic 161 

ratio analyses at the accelerator mass spectrometry (AMS) laboratory at SUERC (Xu et al., 2015). AMS 162 

data were used to calculate isotope concentrations (Table S1), which were then used to model isochron 163 

burial ages (Fig. 3). Cosmogenic isochron burial ages were calculated using methods described in Bender 164 

et al. (2016). 165 



3.2 Uplift rate calculations 166 

We estimated uplift rates (RU) based on the elevations of the shorelines within the Clairemont 167 

Terraces using the following equation: 168 

RU = (Ecl – SL)/t     (1) 169 

where Ecl is the elevation in meters of the Clairemont Terrace shoreline and SL is the elevation in meters 170 

of sea level at the time (t) of terrace formation.  As very few estimates for sea levels exist for 1.5 Ma 171 

(e.g. Pedoja et al., 2014), we estimated the elevation of SL at the time of terrace formation by appealing 172 

to the oxygen isotope stack of Lisiecki and Raymo (2005) in two ways.  First, the δ18O values of all the 173 

highstands within the interval encompassed by the age error range were averaged with 2 standard 174 

deviations used as a parameter in the error estimate (εHSL)(Table 1).  We also considered a second SL 175 

model in which we assumed SL was the highest of the SL highstands during the time period of the 176 

terrace formation (14.5 m, Table 1).  The εHSL of the second model was assumed to be the δ18O error of 177 

the Lisiecki and Raymo (2005) stack.  The δ18O value was converted to SL based on the equation: 178 

 SL = -73*(δ18O) + 251    (2) 179 

from Spratt and Lisiecki (2016).  The error for the SL elevation estimate at the time of terrace formation 180 

was determined by combining the highstand SL uncertainty (εHSL) with an unknown contribution from 181 

GIA (εGIA).  As determining a GIA estimate for the early Quaternary relies on many unknowns (e.g. ice 182 

sheet distribution, size, timing and style of growth and decay, sediment loading, etc.), we start with the 183 

assumption that the variability in GIA contributions would be similar to the most recent highstand 184 

(MIS5e) of 2-4 m according to the calculations of Creveling et al. (2015) and 4.3-6.4 m according to the 185 

calculations of Simms et al. (2016) for Point Loma (San Diego), California depending on the Earth and ice 186 

model used.  In order to account for any large differences that may have existed between the most 187 

recent two glacial ice advances and those during the early Quaternary, we doubled the highest of these 188 

values to 12.8 m.  However, it should be noted that during a time period with less ice as suggested by 189 

the higher δ18O (Fig. 4; although past temperatures also play an important role), the GIA contribution 190 

would be expected to be smaller. The total error for SL estimated at the time of terrace formation (εSL) is 191 

obtained by taking the square root of the squares of those two error estimates: 192 

 εSL = (εHSL
2 + εGIA

2)0.5    (3) 193 

The error for the uplift rate then becomes: 194 

 εRU = Ru*([(εel
2+ εSL

2)0.5/(Ecl-SL)]2+[εt/t]2)0.5 (4) 195 

where εel and εt are the uncertainties in the elevation of the Clairemont Terrace and the errors in the age 196 

of the Clairemont Terrace, respectively.   197 

 The elevation of relative sea level (RSL) during MIS5e and MIS5a was calculated using the 198 

following equation: 199 

 RSL = Et – Ru x tt     (5) 200 

Where Et and tt are the elevations and ages of the Nestor and Bird Rock terraces, 23 +1/-2 m and 120 ka 201 

and 10 ± 1 m and 80 ka, respectively.  The error (ΕRSL) then becomes: 202 



 ΕRSL = [(εru x tt)2 + εet
2]0.5    (6) 203 

where εet is the error in the elevation of the terraces.   204 

3.3 GIA calculations 205 

 Our new tectonically corrected MIS5e and MIS5a RSL elevations were compared to the GIA 206 

predictions of Simms et al. (2016).  Simms et al. (2016) used the CALSEA program of the Australian 207 

National University (Nakada and Lambeck et al., 1987; Johnston, 1993; Lambeck et al., 2003; 2012; 208 

Lambeck and Purcell, 2005).  The ice models used included the Greenland ice model of Fleming and 209 

Lambeck (2004), the European ice model of Lambeck et al. (2010), the North American Ice sheets 210 

(Laurentide and Cordilleran) of Lambeck et al. (2017), the alpine glaciers as discussed in Lambeck and 211 

Purcell (2005), and an Antarctic Ice sheet based on the model discussed in Lambeck et al. (2014).  The 212 

Earth model parameters considered include upper-mantle viscosities ranging from 1 to 5 x 1020 Pa∙s, 213 

lower mantle viscosities ranging from 7 to 50 x 1021 Pa∙s, and lithospheric thicknesses ranging from 50 to 214 

100 km (Simms et al., 2016; Fig. 5).  Simms et al. (2016) also assumed a global SL volume of +6 m during 215 

MIS5e and -15.2 m during MIS5a.  We also explored the impacts of increasing and decreasing the 216 

amount of ice within the North American Ice sheets by changing the amount of ice at the LGM (for the 217 

time period between 45 ka and the start of the deglaciation) and during the stadials MIS5d (~110 ka) 218 

and MIS 5b (~94 ka) between MIS5e and MIS5a within our model setup.  Any change in global meltwater 219 

contributions by changing the amount of ice within the North American ice sheets was compensated by 220 

changes in the volume of ice within the far-field ice sheets (e.g. Antarctica) such that the total volume of 221 

water in the oceans was the same for each model run.   222 

4. Results 223 

4.1 New marine terrace ages 224 

We obtained two ages of the Clairemont Terrace shoreline deposits.  The age from our first site, 225 

Torrey Pines (TP), was 1.53±0.11 Ma (2σ)(Fig. 3 and S1).  The age at the second site, Ardath Road (AR), 226 

was 1.43±0.13 Ma (2σ)(Fig. 3 and S2).  The two are within error.  For our uplift calculations we used their 227 

average age (1.48±0.17 Ma).  228 

4.2 SL estimate for the time of terrace formation. 229 

 A RSL estimate for the California coast at the time of the formation of the Clairemont Terrace is 230 

still needed to determine uplift rates independent of MIS5a and MIS5e RSLs.  According to the δ18O 231 

stack of Lisiecki and Raymo (2004), the time period encompassed by the age and age error of the 232 

Clairemont Terrace includes 9 different sea-level highstands ranging in elevations from -14.7 to 14.5 m 233 

(Fig..4 ) when converted to sea level using the equation of Spratt and Lisiecki (2016; Table 1).  We 234 

therefore consider two RSL models for calculating uplift rates based on the elevation of the Clairemont 235 

Terrace: the average highstand model and the maximum highstand model.  The average highstand 236 

model uses the average elevation of these highstands, which is -0.6 m with a 2σ error of 20.0 m, a value 237 

that encompasses the square root of the sum of the squares of the δ18O composite errors (Table 2).  We 238 

use the larger of these two values as our εHSL error (20.0 m).  Adding the uncertainty for GIA estimates 239 

(12.8 m) yields a total error (εSL) of 23.7 m.  RSL for the average highstand model with errors thus 240 

becomes -0.6 ± 23.7 m.  For the maximum highstand model we assume that the highstand represents 241 

the highest sea level reached during the time encompassed by the ages, 14.5 ± 13.8 m (Table 1).   242 



 Although very few geologic estimates for any dated 1.5 Ma shoreline elevation exist, the 243 

estimates based on the δ18O stack of Lisiecki and Raymo (2004) appear to fall within those few existing 244 

records.  For example, Cronin (1980) estimates values of 13 ± 9 m, 24 ± 11 m, and 16.5 ± 10.5 m for early 245 

Pleistocene (~1.0 to 1.8 Ma based on biostratigraphy) sea levels based on shorelines across three 246 

portions of the southeastern USA states of North and South Carolina – regions which fit within a similar 247 

GIA field as the Pacific Coast of the United States (Creveling et al., 2017).    248 

4.3 Uplift rates and relative sea levels 249 

Based on the new ages of the Clairemont Terrace, the uplift rate along the San Diego Coast is 250 

0.066 ± 0.020 mm/yr using the average highstand model and 0.055 ± 0.013 mm/yr using the ,maximum 251 

highstand model (Table 2).   Correcting the elevation of the Nestor Terrace for this uplift and using the 252 

average highstand model suggests MIS5e RSLs along the San Diego Coastline were 15.1 +2.6/-3.1 m 253 

using an age of 120 ka and an elevation of 23+1/-2 m for the terrace (Kern and Rockwell, 1992; Muhs et 254 

al., 2002; Table 2).   Using the maximum highstand model yields a result of 16.4+1.9/-2.6 m for MIS5e 255 

sea levels. This elevation is considerably higher than the global average of 6-9 m during MIS5e (Kopp et 256 

al., 2013) but within the range of elevations predicted by GIA models (Fig. 5).  Similarly, the same 257 

exercise for the MIS5a shoreline results in a local RSL of 4.8 ± 1.9 m, using an elevation and age of 10 ± 1 258 

m and 80 ka, respectively, for the MIS5a-aged Bird Rock terrace (Ku and Kern, 1974; Kern and Rockwell, 259 

1992; Muhs et al., 2002).  The maximum highstand model is 0.8 m higher at 5.6 ± 1.5 m (Table 2).  This 260 

elevation is considerably higher than global sea levels at this time but only 1.6-2.8 m higher than the 261 

range of GIA predictions (-1.9 ± 3.2 m)(Simms et al., 2016).   262 

5. Discussion 263 

5.1 Impact of using a middle Pleistocene marine terrace 264 

 Using an older marine terrace in the calculation of uplift rates results in the importance of 265 

uncertainties related to previous sea levels (e.g. GIA model uncertainties, ocean volume uncertainties, 266 

etc.) to diminish.  For every 10 m of RSL difference at 1.5 Ma, the tectonically corrected RSL change is 267 

only 0.8 m for MIS5e and 0.6 m for MIS5a.  For example, the difference in SL estimates for our two 268 

different models is 15.6 m (Table 2).  Despite such a large difference, it results in an uplift rate estimate 269 

difference of only 0.011 mm/yr and a MIS5e RSL estimate difference of only 1.2 m.  Such error bars are 270 

within the usual limits of the field observations (e.g. the error on the elevation of the MIS5e terrace is 271 

+1/-2 m).   272 

 One process that does result in larger uncertainties with greater amounts of time is dynamic 273 

topography (Moucha et al., 2008; Mitrovica et al., 2020).  Published estimates of dynamic topography at 274 

Pleistocene timescales for the Pacific Coast of the USA are limited.  One global model of dynamic 275 

topography by Austermann et al. (2017) suggests rates of vertical motion due to dynamic topography 276 

along the Pacific Coast of North America are generally on the order of less than 10 m/Ma (Austermann 277 

et al., 2017).  Until better models of dynamic topography are formulated we are not able to determine 278 

what portion of the 0.066 ± 0.020 mm/yr (0.055 ± 0.013 mm/yr for the maximum uplift model) of uplift 279 

experienced along the San Diego coastline is dynamic topography versus rift-shoulder uplift.  280 

Distinguishing between dynamic topography and active tectonics is not important for the sea-level 281 

reconstruction, but is important for understanding the nature and rates of active tectonic processes.  282 



5.2 Implications for GIA models 283 

 Our new uplift rates of 0.066 ± 0.020 mm/yr for the average highstand model and 0.055 ± 0.013 284 

mm/yr for the maximum highstand model are both half of the originally reported rate of 0.13 to 0.14 285 

mm/yr for the MIS5e terrace by Kern and Rockwell (1992) and an even smaller fraction (1/8) if using 286 

only the MIS5a terrace.  However, this previous study, based on the elevation and age of a dated MIS5e 287 

shoreline, did not account for GIA.  When correcting for GIA, the rate of uplift based on the same dated 288 

MIS5e shoreline is 0.09 ± 0.03 mm/yr and 0.12 ± 0.06 mm/yr for the MIS5a shoreline (Simms et al., 289 

2016), which is within error, although on the higher end, of our new results.  Thus, our new estimate for 290 

the elevation of the MIS5e shoreline of 15.1 +2.6/-3.1 m for the average highstand model or 16.4 +1.9/-291 

2.6 m for the maximum highstand model and the MIS5a shoreline of 4.8 ± 1.9 m for the average 292 

highstand model or 5.6 ± 1.5 m for the maximum highstand model provide important benchmarks for 293 

GIA model predictions for the West Coast of North America.   294 

One challenge for predicting RSL from GIA models is the tradeoff between Earth and ice models.  295 

In many cases, both parameters are unknowns in the sea-level equation (Lambeck and Chappell, 2001). 296 

The new uplift rates produce elevations for the MIS5e and MIS5a marine terraces that are within error 297 

of recent GIA predictions for MIS5e, although within the upper range of the error estimates, and only 298 

slightly higher than GIA predictions for MIS5a (Fig. 5).  One way to improve the fit between observations 299 

and GIA predictions is refining the Earth or ice models such that predictions of RSL during MIS5e and 300 

MIS5a are higher.  Of the Earth model parameters explored by Simms et al. (2016), those Earth models 301 

with upper mantle viscosities of 2 x 1020 Pa∙s (Fig. 5A) and 4 x 1020 Pa∙s result in higher predictions of 302 

relative sea levels for MIS5e and MIS5a, respectively.  Those Earth models with a thicker lithosphere or 303 

higher lower mantle viscosities also lead to higher predictions of RSL during MIS5e and MIS5a (Fig. 5). A 304 

thicker lithosphere and a higher lower mantle viscosity result in higher sea levels across southern 305 

California as they shift the forebulge associated with the North American ice sheets to the south 306 

(Creveling et al., 2017) to beneath our study area.   A similar effect on MIS5e and MIS5a sea levels across 307 

southern California is induced by changing the size of the North American Ice Sheet.  Decreasing the ice 308 

during the stadials between MIS5a and MIS5e results in higher MIS5a sea levels and only minor 309 

decreases in MIS5e sea levels (Fig. 5). Higher sea levels during both MIS5e and MIS5a are produced with 310 

more ice within the North American Ice Sheets during the LGM (Fig. 5).  311 

Alternatively, increasing the global meltwater volumes in the oceans during MIS5e and MIS5a 312 

could also bring more agreement between observations and predictions.  For our model predictions, we 313 

assumed a MIS5e global meltwater volume of +6 m during MIS5e and -15.2 m during MIS5a.  Other 314 

studies have favored higher sea levels during these times.  O’Leary et al. (2012) favor a global meltwater 315 

value of 9 m for MIS5e rather than the +6 m used by Simms et al. (2016).  Similarly, another recent GIA 316 

study by Creveling et al. (2017) suggest that global meltwaters during MIS5a were as high as -8.5±4.6 m.  317 

A fourth possible mechanism for increasing MIS5e and MIS5a sea levels could be sediment loading 318 

(Simms et al., 2013; Pico, 2019).  However, according to one modelling study, rapid sediment loading 319 

and erosion along the California margin would provide the opposite affect and lower RSLs (Pico, 2019).   320 

Thus, sediment loading and erosion is either expressed differently than modeled by Pico (2019) or 321 

requires a larger change in the other potential factors to compensate for those impacts.  Given the 322 

uncertainties associated with our fundamental assumption of constant uplift rate over the last 1.5 Ma, 323 

we feel the small difference between the GIA predicted and uplift-corrected MIS5e and MI5a elevations 324 

are not meaningful enough on their own to warrant further speculation as to improvements on Earth 325 



models, ice models, or global meltwater volumes.  However, if similar observations are made 326 

throughout the region or world, these trends may provide insights into improving these parameters.    327 

5.2 Implications for local tectonics 328 

 The low rate of uplift of the coastline for this region further supports earlier notions of a 329 

relatively simple tectonic overprint for this portion of the coast (Haaker et al., 2016). The uplift of the 330 

MIS5 terraces documented by Haaker et al. (2016) decrease in elevation into the Los Angeles basin, 331 

reaching their lowest elevation at Newport Bay. This is coincident with the northern end of the Salton 332 

Trough, northwest of which the San Andreas Fault is transpressive. Hence, there appears to be a direct 333 

correlation between uplift rate and oblique rifting of the Gulf.  Thus, the uplift is attributed to, and the 334 

rate is consistent with, rift shoulder uplift due to spreading in the Gulf of California and the Salton 335 

Trough (Mueller et al., 2009). 336 

A blind thrust fault, the Oceanside Blind Thrust (OBT), has been inferred to exist offshore and 337 

project beneath the San Diego County coastline based on vintage offshore seismic lines (Rivera et al., 338 

2000)(Fig. 1). Rivera et al. (2000) attribute the San Joaquin Hills in Orange County to be the result of this 339 

blind thrust system. In their model, they segment the OBT, which requires some differential uplift and 340 

folding of the coast. However, the observed low rate of uplift does not support the OBT model 341 

projecting beneath the coastline (Rivera et al., 2000).  Not only is the uplift rate low, but Haaker et al. 342 

(2016) demonstrated that there is virtually no folding or differential uplift of the coastal terraces. We 343 

dated the Claremont terrace near its paleo-shoreline, and from at least the San Diego River northwest to 344 

San Onofre, the terrace shoreline maintains an elevation of 96-97 m, which is essentially flat (Fig. 1). 345 

Considering its age of ~1.5Ma, this is evidence for a remarkably stable, regional coastal uplift signal. The 346 

only place where this rate is elevated is where the coast is crossed by the Rose Canyon fault in La Jolla 347 

(Fig. 1).  Here, the MIS5 terraces are elevated by only a few meters (Kern and Rockwell, 1992). These 348 

observations imply that the primary seismic hazard for the San Diego region is from the strike-slip faults 349 

along the coast and offshore.  Furthermore, no evidence can be found for uplift related to shortening 350 

and blind thrusting, which should not only produce a distinct uplift signal, but based on the inferred 351 

segmentation of the Oceanside Blind Thrust, should produce differential uplift and folding of the coastal 352 

terraces.  Such uplift and folding of coastal terraces is not observed (Haaker et al., 2016).  353 

Finally, our estimates of MIS5 RSL will invariably decrease all published uplift rates derived from 354 

coastal terrace data in southern California and adjacent northern Baja California. The relative 355 

importance of these corrections to the tectonic uplift rate are somewhat dependent on the amount of 356 

uplift.  Coasts that are rising slowly are more sensitive to our refinement of MIS5e and MIS5a RSLs, while 357 

those that are uplifting more rapidly are less sensitive to the adjustment to MIS5e and MIS5a RSLs.   For 358 

instance, Rockwell et al. (1989) mapped and dated marine terraces from Punta Banda in northern Baja 359 

California and inferred an uplift rate as high as 0.31 mm/yr but assumed a RSL of +6m during MIS5e. 360 

Using our RSL for MIS5e of 15 m lowers the uplift rate to 0.23 mm/yr. For regions such as the axis of the 361 

Ventura Avenue Anticline near Ventura, California where the MIS5a marine terrace projects to an 362 

elevation of more than ~625 m (Rockwell et al., 1988; 2016), our refinement of ~20 m only reduces the 363 

uplift rate from 8.0 mm/yr to 7.7 mm/yr.     However, the inferred average rate of uplift for most of the 364 

southern California coast is relatively low, with published rates typically in the 0.13 to 0.2 mm/yr range 365 

(although higher in some areas of the Transverse Ranges; Rockwell et al., 2016). At these low rates, our 366 



new estimates of RSL will have the effect of dropping the inferred uplift rates by as much as a half, 367 

which for some tectonic models, will be significant. 368 

6. Conclusions 369 

 Using the age of the Clairemont Terrace, 1.48+0.17 Ma, we find that the Lindavista Terraces of 370 

southern California are uplifting at a rate of 0.066 ± 0.020 mm/yr for the average highstand model or 371 

0.055 ± 0.013 mm/yr for the maximum highstand model.  This uplift rate places the elevations of RSL for 372 

the MIS5e and MIS5a marine terraces at 15.1 +2.6/-3.1 m or 16.4 +1.9/-2.6 m (depending on highstand 373 

models) and 4.8 ± 1.9 m or 5.6 ± 1.5 m (depending on highstand models), respectively.  These estimates 374 

of relative sea level are within error of recent models of GIA for this portion of the California coast and 375 

provide important benchmarks for future GIA model predictions along this tectonically active margin.  In 376 

general, these new estimates of RSL support GIA modeling studies suggesting that tectonic uplift rates 377 

along many portions of the US West Coast are lower than originally reported.   378 
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Figure Captions 387 

 388 

Figure 1.  A) Map of the study area with an inset showing the general location within the state of 389 

California.  B) Digital elevation model of the Lindavista Terraces (from Haaker et al., 2016) including the 390 

location of sample sites Torrey Pine (TP) and Ardath Road (AR) as well as other features mentioned in 391 

the text. 392 

 393 



 394 



Figure 2.  Photograph of the shoreline deposits overlying the Clairemont Terrace dated as part of this 395 

study at the Torrey Pine (TP) site (A.) and the Ardath Road (AR) site (B.). 2 m survey rod for scale. 396 

 397 

398 
Figure 3.  26Al-10Be isochron burial dating results for TP (left) and AR (right) sites showing individual 399 

samples with 1 error crosses and Bayesian linear regression fits color-coded by likelihood. Summary 400 

text gives modal (most likely) estimate and 1 errors for slope and y-intercept. Slope regression and 401 

error analysis give a burial age of 1.53 +0.11/-0.10 Ma (95% CI; N=8, excluding no outliers) for the TP 402 

site, and 1.43 +/- 0.13 Ma (95% CI; N=3, excluding 1 outlier AR-A) for the AR site. 403 



 404 

Figure 4.  The δ18O stack of Lisiecki and Raymo (2005) over the time period encompassed by the error 405 

range of the cosmogenic burial ages obtained from the Clairemont Terrace.  Also shown is the sea-level 406 

equivalent using the conversion from δ18O to sea level from Spratt and Lisiecki (2016) as well as the 407 

cosmogenic radionuclide burial ages obtained from the Clairemont Terrace. 408 



 409 

Figure 5.  GIA predictions of MIS5e (A-B) and MIS 5a (D-E) relative sea levels at Point Loma (San Diego), 410 

California as a function of (A, D) upper mantle viscosity (UMV) and (B, E) lower mantle viscosity (LMV) 411 

for 3 different Earth models with lower mantle viscosities (LMV) of 1022 Pa∙s (A, D), upper mantle 412 

viscosities of 2 x 1020 Pa∙s (B, E), and lithospheric thicknesses (h) of 50 (red squares), 80 (blue squares), 413 

and 100 km (yellow squares) compared to MIS5e (A-B) and MIS5a (D-E) observations corrected for 414 

tectonics.  Gray and hashed rectangles indicate the area within the error bars of the MIS5e (A-C) and 415 

MIS5a (D-F) RSL observations using the average highstand model- (avg. hghstd.) and maximum 416 

highstand model- (max. hghstd.)  derived tectonic corrections, respectively.  See text for a description of 417 

the two models.  C.) and F.) Same as A.) and D.) but as a function of changes in the size of the North 418 

American Ice Sheets during the Last Glacial Maximum (LGM) and during MIS5d (~110 ka) and MIS5b 419 

(~94 ka) using an Earth model with a lithospheric thickness of 80 km, upper mantle viscosity of 2 x 1020 420 

Pa∙s, and a lower mantle viscosity of 1022 Pa∙s.  The total global sea-level function is conserved for these 421 

scenarios such that any changes in global sea-level volumes induced by changing the size of the North 422 



American Ice Sheet is compensated by far-field (e.g. Antarctica) ice-sheet contributions.  GIA model 423 

predictions from Simms et al. (2016). 424 

 425 

Table 1.  Sea-level estimates for the time period encompassed by the Clairemont Terrace Ages. 426 
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Table 2.   Uplift rate calculations 428 

 429 

Table 1.  Sea-level estimates for the time period encompassed

by the Clairemont Terrace Ages.

Age* δ18O^ Error SL&! Error#

(ka) (‰) (‰) (m) (m)

1316 3.59 0.05 -11.1 3.6

1354 3.41 0.06 2.1 4.4

1398 3.49 0.05 -3.8 3.6

1438 3.24 0.07 14.5 5.1

1476 3.31 0.08 9.4 5.8

1520 3.64 0.07 -14.7 5.1

1565 3.56 0.05 -8.9 3.6

1602.5 3.37 0.04 5.0 2.9

1630 3.55 0.06 -8.1 4.4

*Ages of the highstands encompassed by the cosmogenic 

burial ages of the Clairemont Terrace
^
Lisiecki and Raymo (2005)

&
Using the sea-level equation of Spratt and Lisieki (2016)

!Average = -0.6 m, Median = -0.9 m, 1 σ = 10.0 m, 2 σ (εHSL) = 20.1 m
#Square root of the sum of the squares = 13.1 m

Table 2.   Uplift rate calculations

Terrace Age Error Elevation Error SL εHSL εSL* Uplift Rate Error RSL!
Error

(ka) (ka) (m) (m) (m) (m) (m) (mm/yr) (mm/yr) (m) (m)

Clairemont (TP Site) 1530 110

Clairemont (AP Site) 1430 130

Clairemont 1480
^

170 96.5 0.5 -0.6
&

20 23.7 0.066 0.02

Clairemont 1480
^

170 96.5 0.5 14.5
#

5.1 13.8 0.055 0.013

Nestor 120 5 23 +1/-2 -0.6& 20 23.7 0.066 0.02 15.1 +2.6/-3.1

Nestor 120 5 23 +1/-2 14.5# 5.1 13.8 0.055 0.013 16.4 +1.9/-2.6

Bird Rock 80 5 10 1 -0.6
&

20 23.7 0.066 0.02 4.8 1.9

Bird Rock 80 5 10 1 14.5
#

5.1 13.8 0.055 0.013 5.6 1.5

*εGIA was assumed to be 12.8 m

!RSL at the time of terrace formation adjusted for the background uplift rate
^Average of the TP and AP site ages
&The average RSL from all highstands encompassed by the Clairemont cosmogenic burial ages within the δ18O stack of Lisiecki 

and Raymo (2016) converted to sea level using the equation of Spratt and Lisiecki (2016) (The "average highstand model" within the text)
#
The RSL of the maximum  highstand encompassed by the Clairemont cosmogenic burial ages within the δ

18
O stack of Lisiecki 

and Raymo (2016) converted to sea level using the equation of Spratt and Lisiecki (2016) (The "maximum highstand model" within the text)
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Table S1: Cosmogenic radionuclide (CRN) sample data and calculations of inputs for isochron burial 431 
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Figure S2: CRN isochron burial dating results from Ardath Road (AR). 434 
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