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Appendix DR1. Sample locations and additional compositional data. The Glacial 
polish samples studied here were collected from Yosemite National Park (YNP), 
California. A total of 6 samples from the Lyell canyon and Tuolumne meadows area, 
were used to collect major and trace element data (Fig. DR1.1). Lyell and MaClure 
samples were collected from elevation, towards the glacier accumulation area for this 
catchment, while DAFF is located farther below (Fig. DR1.1).  
In figure 2 of the main text the major and trace element data for DAFF dome is presented. 
For brevity, this figure excluded Al203 and Th. These additional elements for DAFF 
dome are presented here as a modified version of the figure 2 included in the main text  
(Fig. DR1.2). The same compositional analysis was performed on the 5 additional 
MaClure and Lyell basin samples. These data are presented within this appendix as 
figures DR1.3-1.7. A k-means cluster analysis from MATLAB was performed on these 
data to identify the polish composition and underlying minerals for each spot analysis. A 
k-means cluster analysis partitions the calculated element concentrations at each ablation 
depth into one of two clusters (defined by user) with the nearest mean. The center of each 
cluster is a collection of values that are interpreted to best define the resulting group. 
These data (black circles) are what is presented in the main text’s figure 3.  
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Appendix DR2. LA-ICPMS methods and Data Reduction  

All LA-ICPMS analyses were conducted using a Photon Machines Analyte 193H 
Excimer Laser outfitted with Helex 2-Volume Cell feed into a Thermo Scientific X-series 
quadrupole ICP-MS. Laser spot sizes were set to 25 m, a minimum size found to meet 
instrument detection limits for selected major elements: Na, Mg, Al, Si, Ca, Fe. Elements 
U and Th were also measured but often below detection limits, in particular at depth 
within host minerals.  Laser parameters include: 80 bursts at a 4Hz shot rate. Sample 
unknowns were measured along with standard NIST-610. Spot analyses were conducted 
by ablating from the glacially polished surfaced downwards through the amorphous layer 
and into the coarse minerals of the underlying host rock. It was not possible to utilize the 
traditional LA-ICPMS data reduction technique of internal normalization because the 
proportions of all elements change within this depth profile. We instead adopted a sum-
normalization technique, applied to each cycle of masses within the ICPMS data. By 
dividing the proportions of each cycle by the sum we can roughly determine the relative 
proportions of each element as a function of depth. This data reduction includes: 1) blank 
correction; 2) conversion of signal intensities (cps) to elemental concentrations using 
measured NIST 610 intensities; 3) Conversion of isotopic concentrations to total 
elemental abundances; 4) Conversion of elemental concentrations to oxides; 5) 
Normalization of the total oxide for a given mass cycle. We find that the sum 
normalization technique leaves this final data output from this reduction technique highly 
insensitive to data reduction steps 2 and 3. Rather the results seemingly deliver a reliable 
measure of the relative proportion of elements at any depth for a given analyses. It thus 
remains only to evaluate whether there is inherit bias with a single spot analyses between 
shallow and deep parts of the laser pit, which we will address below.  Our use of this 
“sum-normalization” techniques makes several assumptions including: 1) That sum 
normalization is not “missing” any large component of the material (e.g. that Na, Mg, Al, 
Si, Ca, Fe, U and Th constitute 99% or more of the total material). 2) That element 
allocation in oxides is valid 3) that elemental fractionation in the NIST standards is 
identical to the samples, and 4) that down hole changes do occur but they do not cause 
elemental fractionation (e.g. the relative delivery of different to the mass spectrometer 
remains constant during spot analyses.  

We can evaluate all of these assumptions by through collection and reduction of 
secondary standard data.  Here we present LA-ICPMS analyses from ATHO (Fig. 
DR1.1) and a analyses collected from multiple minerals on a manually polished section 
of Cathedral Peak Granodiorite (Fig. DR2.2). The ATHO analyses reveal that there is no 
inherent bias corresponding with sample depth (e.g. blue and yellow data points cluster in 
same region). This implies that the compositional trends comparing shallow amorphous 
material and the underlying host minerals remains a viable conclusion for this paper. This 
statement is supported by the data collected from a manually polished sample of 
Cathedral peak granodiorite. The compositional of host minerals are discrete resolved 
with compositions independent of ablation depth (Fig. DR2.2). These secondary data no 
not nearly as precise (~10% uncertainties) as other in situ techniques (i.e. electron 
microprobe), however the technique provides the ability to measure continuous 
compositional not offered by other these more precise methods.  
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Appendix DR3: SHRIMP 230Th, 232Th, 234U, 238U analytical methods and data 
reduction 

Opal in situ U-Th isotopic measurements were performed using the SHRIMP-RG 
(sensitive high-resolution ion microprobe with reverse geometry) operated by Stanford 
University and the U.S. Geological Survey during five analytical sessions between March 
2017 and July 2018. Fragments (10 to 24 mm) Daff granite with polish coating was cast 
in a 25 mm diameter epoxy disc with pre-polished reference materials (BZVV opal and 
NIST-SRM-611 glass. BZVV is a ca. 2.83 Ma porcelaneous biogenic opal (Virgin 
Valley, NV, USA), that is relatively high U (748-888 ppm U) used as a secular 
equilibrium reference material (Paces et al., 2004; Amelin and Back, 2006). The mounted 
samples were rinsed with a 10% EDTA solution (ethylenediaminetetraacetic acid) and 
thoroughly rinsed in distilled water and dried in a vacuum oven. The sample surface was 
coated with ~100 nm Au and inspected to ensure uniformity and conductivity, stored in a 
pre-evacuation chamber at ~10-7 torr overnight prior to analysis to minimize degassing 
of the epoxy. 

All analyses were performed by depth profiling through the surface into the 
amorphous silica polish. Because the polish is relatively thin and low U, the objective 
was to obtain a large spot (30-50 microns) that was as flat-bottomed as possible to 
minimize the sputter rate while maximizing secondary ion intensity. The second 
analytical session utilized an O- primary ion beam with intensity ranging from 45-55 nA. 
Although the secondary ion yield was ~35% higher using O-, the sputter rate was higher 
and thus sputtered through the polish more quickly. Therefore, for all subsequent 
sessions, we used an O2- primary ion beam with intensity ranging from 12-19 nA. The 
acquisition routine included the following masses: 28Si416O5+, 197Au+, 
238U+,232Th12C+, 232Th16O+, background measured at 0.05 m/z above 232Th16O, 
234U16O+ and 238U16O+. All peaks were measured on a single ETP® discrete-dynode 
electron multiplier operated in pulse counting mode. Analyses were performed with 9-12 
scans (peak-hopping cycles from mass 192 through 254) and count times for 232Th16O 
and 234U16O+ ranging from 90 to 120 seconds and 35 to 50 seconds, respectively. 
Individual analyses took 45 to 60 minutes and with sputtered pit depths estimated to be 5-
8 μm. Measurements were performed at mass resolutions of M/ΔM = 7,000-8,500 (10% 
peak height) to avoid interfering isobaric interferences.  

Measured isotopic ratios were corrected for detector deadtime, background, and 
calculated cycle-by-cycle (i.e., depth into the polish). As discussed in the text, not all the 
polish material is amorphous silica or enriched in U; the surface layer (typically <1 μm 
thick; Fig. 1) can be phyllosilicate alteration and polish can contain micron- to 
submicron-sized mineral fragments in secular equilibrium. As a result, the initial scan 
intersecting phyllosilicate material was typically omitted. Additionally, scans lacking U 
and 230Th or those in secular equilibrium were also omitted, which typically were deeper 
in the sputter pits (scan number >8), likely due to intersection of mineral fragments or the 
underlying host minerals that lack U and/or were in secular equilibrium. Based on these 
criteria, typically 30-80% of the measurement results were used from each spot, and 
ratios were calculated using methods outlined by Ludwig (2009) with calculated into 
activity ratios (AR) using 238U, 232Th, 230Th, and 234U decay constants of 
1.55125×10-7,  4.9475×10-8, 0.0091577, 0.002834, respectively. BZVV opal 
reference material were repeatedly measured throughout the analytical sessions. 
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Measured 238U/232Th AR and 230Th/238U AR were corrected for correct for mass 
discrimination based on session-averaged measurements of 230Th/238U for BZVV, 
which should be unity based on U-Th isotopes measurements Amelin and Back (2006) 
and measurements of a similar opal, M-21277, from the same locality by Paces et al. 
(2004). Uranium concentrations for glacial polish were calculated relative to BZVV opal, 
using an average concentration of 840 ppm U from Amelin and Back (2006). 

This geochronologic method used in figure 4 assumes that upon formation, this 
fractionation was complete (e.g. 230Th/238U ~0), an assumption that is supported by a 
regressed 230Th/232Th activity ratio initial for the Daff Dome polish of 1.6±1.3 (Fig. 
DR. 3.1). 
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Appendix DR4. Ablation rate determination: We can empirically calibrate the depth at 
which compositional changes occur by ablating samples for a range of laser pulses from 5 
to 80  and with inferometer measurements of laser pit depths (Fig. DR 4.1) These data are 
used to assign approximate depths to compositional data (Fig. 1-2). A total of 80 pulses 
were used for all analyses presented in this manuscript. The ablation rate varies between 
0.08 m/pulse at shallow depths decreasing to 0.05-0.06 m/pulse at greater depths (Fig. 
DR4.1). A maximum 0.08 m/pulse was assumed to the depth assignments in figures 1 
and 2 of the main text. This rate does not influence the data reduction in any way and 
only permits rough estimates on the depth of chemical transitions to be assigned. 
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Table. DR1.1 Sample locations.  
Sample name  Coordinate N W 
Daff  37°52'39.4''N 119°24'52.3''W 37.877611 -119.414528 
Lyell08  37°45'17.5''N 119°15'35.6''W 37.754861 -119.259889 
Lyell09  37°45'20.3''N 119°15'35.3''W 37.755639 -119.259806 
Lyell10  37°45'24.2''N 119°15'57.5''W 37.756722 -119.265972 
Maclure03  37°45'16.1''N 119°16'52.6''W 37.754472 -119.281278 
Maclure05  37°45'56.2''N 119°16'25.8''W 37.765611 -119.273833 
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Fig. DR1.1 

 
 
Figure DR1.1 Map of Lyell Canyon and Tuolumne Meadows, Yosemite National Park 
(YNP), CA. Compositional data were collected on 6 samples near the top of the Lyell 
canyon catchment, and 1 at Daff dome. U-series analyses were only conducted on the 
sample collected from Daff dome. 
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Figure DR 1.2. 
 

 
 
 
Figure DR1.2 Compositional data from Daff dome. The same data presented in Figure 2 
of the main text, presented here with Al2O3 and Th data. 
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Figure DR 1.3 
 
 

 
 
Figure DR1.3 Compositional data from sample MaClure03. Polish compositions for each 
laser spot analysis are defined as black circles and presented in Figure 3 of the main text. 
As in figure 2, yellow colors are deep reflecting the bottom of laser pits and the 
composition of underlying host minerals, while blue colors mark shallow depths and that 
of the glacial polish. Ablation rate was not calibrated for this sample, thus depths are 
relative. 
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Figure DR 1.4 
 

 
 
 
 
 
 
Figure DR1.4 Compositional data from sample MaClure05. Polish compositions for each 
laser spot analysis are defined as black circles and presented in Figure 3 of the main text. 
The polish covering high Fe and Mg amphiboles are was measured on this sample, with 
compositions the same as those above quartz and feldspar. As in figure 2, yellow colors 
are deep reflecting the bottom of laser pits and the composition of underlying host 
minerals, while blue colors mark shallow depths and that of the glacial polish. Ablation 
rate was not calibrated for this sample, thus depths are relative. 
 



 12

 
Figure DR 1.5 
 

 
 
 
Figure DR1.5 Compositional data from sample Lyell08. Polish compositions for each 
laser spot analysis are defined as black circles and presented in Figure 3 of the main text. 
As in figure 2, yellow colors are deep reflecting the bottom of laser pits and the 
composition of underlying host minerals, while blue colors mark shallow depths and that 
of the glacial polish. Ablation rate was not calibrated for this sample, thus depths are 
relative. 
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Figure DR 1.6 
 

 
 
 
Figure DR1.6 Compositional data from sample Lyell09. Polish compositions for each 
laser spot analysis are defined as black circles and presented in Figure 3 of the main text. 
As in figure 2, yellow colors are deep reflecting the bottom of laser pits and the 
composition of underlying host minerals, while blue colors mark shallow depths and that 
of the glacial polish. Ablation rate was not calibrated for this sample, thus depths are 
relative. 
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Figure DR 1.7 
 

 
 
 
Figure DR1.7 Compositional data from sample Lyell10. Polish compositions for each 
laser spot analysis are defined as black circles and presented in Figure 3 of the main text. 
As in figure 2, yellow colors are deep reflecting the bottom of laser pits and the 
composition of underlying host minerals, while blue colors mark shallow depths and that 
of the glacial polish. Ablation rate was not calibrated for this sample, thus depths are 
relative. 
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Figure DR 2.1 
 

 
 
 
Figure DR2.1 Compositional data for secondary standard data ATHO. Crosses mark 
accepted values. As in figure 2, yellow colors are deep while blue colors mark shallow 
depths. Data are reduced using the sum normalization technique discussed in DR2. The 
apparent lack of depth vs. compositional bias suggests that this technique, while not 
delivering the most precise data do not deliver data that are inherently biased by laser 
ablation depth. The apparently inaccurate Mg value likely reflects the use of NIST610 
Mg concentrations that are incorrect. Ablation rate was not calibrated for this sample, 
thus depths are relative. 
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Figure DR 2.2 
 

 
 
Figure DR2.1 Compositional data from a manually, non-glacially polished sample of 
cathedral peak shown at the same scale as figure 2 to illustrate the differences between 
glacially polished samples and those of the host minerals. The apparent lack of depth vs. 
compositional bias suggests that this technique is not inherently biased by laser ablation 
depth. Note that the distinct host mineral compositions are separately resolved and that 
shallow analyses do not artificially yield compositions consistent with the glacial polish 
as shown in figure 2. For example, the Mg, Fe and U enrichment in the surface of glacial 
polish (Fig. DR1.2-1.7) is not recorded on the manually polished sample. Ablation rate 
was not calibrated for this sample, thus depths are relative. 
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Table DR 3.1: SHRIMP-RG 230Th, 232Th, 234U, 238U data, note 234U was not acquired 
during sessions 1-2 and thus not included in Figure 4. Spot analyses below 10 ppm U are 
not included in figure 4 and struck through and red in the tables below. All Daff analyses 
are from the same Daff01 samples described in the text and figures 1-2. 
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Figure DR 3.1 
 
 
 

 
 
Figure DR 3.1 230Th/232Th vs 238U/232U for Daff dome sample set (Table 3). 230Th/232Th 
intercept near zero justifies age determinations presented in figure 4 and that 230Th as 
excluded from polish formation 
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Figure DR 4.1 
 

 
 
 
Figure DR4.1 Laser pit depth vs. number of laser bursts for a glacial polish sample from 
Daff dome. Measurement of the laser pit depth at 5 burst intervals provides a rough 
estimate of the ablation rate and is used to assign approximate depths to compositional 
data (Fig. 1-2). A total of 80 pulses were used for all analyses presented in this 
manuscript. The ablation rate varies between 0.08 m/pulse at shallow depths decreasing 
to 0.05-0.06 m/pulse at greater depths. A maximum 0.08 m/pulse was assumed to the 
depth assignments in figures 1 and 2 of the main text. This rate does not influence the 
data reduction in any way and only permits rough estimates on the depth of chemical 
transitions to be assigned.   
 
  
 
 
 
 
 
 
 
 


