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1 Wrapper scripts and control functions

1.1 albeageone.m

Syntax:
retstr = al_be_age one(ins)

The MATLAB web server calls this function when the exposure age data input form is submitted. It takes as input a
structure containing string variables, which is supplied by the MATLAB web server. It returns a text string consisting
of an output HTML document containing the results of the exposure age calculation. The documentation for the
MATLAB web server describes this process in more detail.

The input structurins contains the following fields. These have the same names as the data-entry fields in the HTML
input form.

ins.samplename Sample name

ins.strlat Latitude

ins.strlong Longitude

ins.stralt Either elevation in meters or pressure in hPa

ins.aa Flag that indicates how to interpret the_att variable. Has three pos-
sible values: ‘std’ if the elevation value is in meters and the standard
atmosphere approximation is to be used; ‘ant’ if the elevation value fis in
meters and the Antarctic atmosphere approximation is to be used; and
‘pre’ if the elevation value is in hPa.

ins.strthick Sample thickness in cm

ins.strrho Sample density, gcm=3

ins.strothercorr Shielding correction. The shielding correction can be calculated using
skyline.m

ins.strtE Erosion rate, cmyr—!

ins.sttN10 0Be concentration, atomgy~'- yr—1

ins.strdelN10 standard error of’Be concentration

ins.sttN26 Z6 Al concentration, atomsg - yr—!

ins.strdelN26 standard error ofSAl concentration

The majority of this function consists of routines that check the input data to make sure it is in the expected form
and is within expected bounds, and convert string variables to numerical values. After the data checking is complete,
the function then assembles the data sets needed féf Athand °Be exposure age calculations, loads the data file
containing values for physical constants, and passes data to the fupetiah be _age.m , which actually carries

out the exposure age calculation and returns the result. Finally, this function assembles the output data, generates the
required plots, and inserts the output data into the output HTML template.

The only actual calculation that takes place inside this function is the calculation of the uncertaintySalthéBe
ratio. Denote th&SAl/1°Be ratio byRs6/10 and itslo uncertainty byo Ry6 /1. Assuming linear, uncorrelated uncer-
tainties:

2 2
2 o N- —N-
(0R26/10)" = ( Nj)ﬁ) +oN7, ( N1226> 1)



whereN; is the concentration of nuclideando V; is its 1o analytical uncertainty.



1.2

albe agemany.m

Syntax:

retstr

= al_be_age_many(ins)

This function is essentially the samealsbe _age one.m , with the exception that the input structure has only one
field, the text string which the user pasted into the text input block in the multiple-sample input form. Thus, the input
data checking and parsing routines are slightly different.

The formatting rules for entering a text block containing data for multiple samples are as follows:

o M w0 NP

Enter plain ASCII text only.

Each sample should occupy its own line.

Each line should have thirteen elements, as described below.

Elements should be separated from each other by white space (spaces or tabs).

Something other than white space must be entered for each element. For example, if you¥iaveneasure-
ments for a sample, you must enter ‘0’ in tHeAl concentration and®Al uncertainty positions.

In most cases, pasting directly from an Excel spreadsheet should satisfy the rules. An example of an acceptable input
text block appears below.

The thirteen elements are as follows. These are the same as the input parameters on the single-sample form.

a ~r W DN

10.

. Sample name. Any text string not exceeding 24 characters. Sample names may not contain white space or any

characters that could be interpreted as delimiters or escape characters, e.g., slashes of both directions, commas,
quotes, colons, etc. Stick to letters, numbers, and dashes.

. Latitude. Decimal degrees.
. Longitude. Decimal degrees.
. Elevation/pressure. Meters or hPa, respectively, depending on selection below.

. Elevation/pressure flag. Specifies how to treat the elevation/pressure value. This is a three-letter text string. If

you have supplied elevations in meters and the standard atmosphere is applicable at your site (locations outside
Antarctica), enter ‘std’ here. If you have supplied elevations in meters and your site is in Antarctica, enter ‘ant’
here. If you have entered pressure in hPa, enter ‘pre’ here. Any text other than these three options will be
rejected.

. Sample thickness. Centimeters.
. Sample density. gcm—3.

. Shielding correction. Samples with no topographic shielding, enter 1. For shielded sites, enter a number between

0 and 1. The shielding correction can be calculated uskytjine.m

. Erosion rate inferred from independent evidence.- gmv!.

10Be concentration. Atomsg~!. Standard or scientific notation.



11. Uncertainty in'°Be concentration. Atomsg~!. Standard or scientific notation.
12. 26Al concentration. Atomsg~!. Standard or scientific notation.

13. Uncertainty in?Al concentration. Atomsg~'. Standard or scientific notation.

Here is an example of an acceptable input text block:

PH-1 41.3567 -70.7348 91 std 4.5 2.7 1 8e-5 123500 3700 712400 31200
01-MBL-059-BBD -77.073 -145.686 712 ant 4.75 2.65 0.997 0 0 0 1.9e6 4.9e4
NH-1 57.968 -6.812 790 std 3 2.65 1 0 943000 28000 0 O

As with al_be_age one.m , the only calculation that takes place inside this function is the calculation of the
uncertainty in thé%Al '°Be ratio. Denote thé&’Al/'°Be ratio byR,s /1 and itslo uncertainty byr Ry /19. Assuming
linear, uncorrelated uncertainties:

2 2
2 O'Ng@ —N26
(UR26/10) = ( Nio ) + 0N, <N120 ) 2

whereN; is the concentration of nuclideando IV; is its 1o analytical uncertainty.



1.3 albe_erosionone.m

Syntax:

retstr = al_be_erosion_one(ins)

The MATLAB web server calls this function when the erosion rate data input form is submitted. It takes as input a
structure containing string variables, which is supplied by the MATLAB web server. It returns a text string consisting of
an output HTML document containing the results of the erosion rate calculation. The documentation for the MATLAB
web server describes this process in more detail.

The input structurens  contains the following fields. These have the same names as the data-entry fields in the HTML
input form.

ins.samplename

Sample name

ins.strlat Latitude

ins.strlong Longitude

ins.stralt Either elevation in meters or pressure in hPa

ins.aa Flag that indicates how to interpret the_att variable. Has three pos-
sible values: ‘std’ if the elevation value is in meters and the standard
atmosphere approximation is to be used; ‘ant’ if the elevation value jis in
meters and the Antarctic atmosphere approximation is to be used; and
‘pre’ if the elevation value is in hPa.

ins.strthick Sample thickness in cm

ins.strrho Sample density, gcm—3

ins.strothercorr Shielding correction. The shielding correction can be calculated using

skyline.m

ins.sttN10 T0Be concentration, atomgy~'- yr—1
ins.strdelN10 standard error of°’Be concentration
ins.sttN26 Z6 Al concentration, atomsg—'- yr—!

ins.strdelN26 standard error of® Al concentration

The majority of this function consists of routines that check the input data to make sure it is in the expected form
and is within expected bounds, and convert string variables to numerical values. After the data checking is complete,
the function then assembles the data sets needed féf Athand '°Be exposure age calculations, loads the data file
containing values for physical constants, and passes data to the fugetiaal be_erosion.m , Which actually

carries out the erosion rate calculation and returns the result. Finally, this function assembles the output data, generates
the required plots, and inserts the output data into the output HTML template.

The only actual calculation that takes place inside this function is the calculation of the uncertaintySalthéBe
ratio. Denote th&SAl/1°Be ratio byRs6,10 and itslo uncertainty byo Ry6,/19. Assuming linear, uncorrelated uncer-
tainties:

oNag \° —Nag \°
(0R26/10)2=< 26) + o Nip (26) 3

whereN; is the concentration of nuclideando NV; is its 1o analytical uncertainty.



1.4

al be erosionmany.m

Syntax:

retstr

= al_be_erosion_many(ins)

This function is essentially the sameasbe_erosion_one.m , with the exception that the input structure has
only one field, the text string which the user pasted into the text input block in the multiple-sample input form. Thus,
the input data checking and parsing routines are slightly different.

The formatting rules for entering a text block containing data for multiple samples are as follows:

o M w0 NP

Enter plain ASCII text only.

Each sample should occupy its own line.

Each line should have twelve elements, as described below.

Elements should be separated from each other by white space (spaces or tabs).

Something other than white space must be entered for each element. For example, if you¥iaveneasure-
ments for a sample, you must enter ‘0’ in tHeAl concentration and®Al uncertainty positions.

In most cases, pasting directly from an Excel spreadsheet should satisfy the rules. An example of an acceptable input
text block appears below.

The thirteen elements are as follows. These are the same as the input parameters on the single-sample form.

a ~r W DN

10.

. Sample name. Any text string not exceeding 24 characters. Sample names may not contain white space or any

characters that could be interpreted as delimiters or escape characters, e.g., slashes of both directions, commas,
quotes, colons, etc. Stick to letters, numbers, and dashes.

. Latitude. Decimal degrees.
. Longitude. Decimal degrees.
. Elevation/pressure. Meters or hPa, respectively, depending on selection below.

. Elevation/pressure flag. Specifies how to treat the elevation/pressure value. This is a three-letter text string. If

you have supplied elevations in meters and the standard atmosphere is applicable at your site (locations outside
Antarctica), enter ‘std’ here. If you have supplied elevations in meters and your site is in Antarctica, enter ‘ant’
here. If you have entered pressure in hPa, enter ‘pre’ here. Any text other than these three options will be
rejected.

. Sample thickness. Centimeters.
. Sample density. gcm—3.

. Shielding correction. Samples with no topographic shielding, enter 1. For shielded sites, enter a number between

0 and 1. The shielding correction can be calculated uskytjine.m

. 19Be concentration. Atomsg~!. Standard or scientific notation.

Uncertainty in'°Be concentration. Atomsg~!. Standard or scientific notation.



11. 26Al concentration. Atomsg~'. Standard or scientific notation.

12. Uncertainty in?Al concentration. Atomsg~'. Standard or scientific notation.

Here is an example of an acceptable input text block:

FV-TOP-1 38.6139 -109.1878 2527 std 2 2.5 1 4.59e5 1.3e4 2.69e6 8.80e4
FV-TOP-2 38.6136 -109.1955 2580 std 2 2.5 1 202000 8000 1100000 49000
FV-TOP-3 38.6204 -109.2062 2592 std 2 2.5 1 1.02e6 2.60e4 6.05e6 1.31e5
O4-AV-PIT9-NEW -77.8282 160.9762 1300 ant 2 1.9 0.973 6710000 116000 O O

As with al_be_erosion_one.m , the only calculation that takes place inside this function is the calculation of the
uncertainty in thé%Al '°Be ratio. Denote th& Al/ *°Be ratio byRss /10 and itslo uncertainty by Rog /19. Assuming
linear, uncorrelated uncertainties:

2 2
2 o N- —N-
(0R26/10)" = ( leﬁ ) +0oN7, <N1226 ) 4)

whereN; is the concentration of nuclideando NV; is its 1o analytical uncertainty.



1.5 getal be.age.m

results = get_al_be_ age(sample,consts,nuclide)

This is the main control function that carries out the exposure age calculatidoe_age one and

al_be _age_many callit.

The argumensample is a structure containing sample information. The fields are as follows:

sample.sampl@ame Sample name string

sample.lat Latitude double
sample.long Longitude double
sample.elv elevation in meters double
sample.pressure pressure in hPa (optional if sample.elv is set) double
sample.aa Flag that indicates how to interpret the elevation valustring

sample.thick Sample thickness in cm double
sample.rho Sample density, gcm—3 double
sample.othercorr Shielding correction. double
sample.E Erosion rate, cmyr—! double
sample.N10 10Be concentration, atomsgy - yr—! double
sample.delN10 standard error of’Be concentration double
sample.N26 26 Al concentration, atomsg—!- yr—! double
sample.delN26 standard error ofSAl concentration double

The argumentonsts is a structure containing the constants. It is typically the structure created by
make_al_be_consts_v12.m , although only a subset of the fields in that structure are actually used by this
function.

The argumentuclide
value, not a string.

tells the function which nuclide is being used; allowed values are 10 or 26. This is a numerical

This function returns a structure callegsults  that contains the following fields:

results.mainversion Version number for this function string

results.simplet Exposure age (yr) double
results.deltint Internal uncertainty (yr) double
results.deltext External uncertainty (yr) double
results.thicksf Thickness correction double
results.simplesf Geographic scaling factor double

results.Psp Thickness-integrated surface production rate due timuble
spallation

results.Pmu Thickness-integrated surface production rate due tmuble
muons

The exposure age calculation goes as follows:
Calculate the thickness scaling facty,;.x by calling the functiorthickness.m

If sample.pressure is not set, calculate it by calling eithstdatm.m or antatm.m .

10



Calculate the geographic scaling facir,., for nuclide: by calling the functiorstone2000.m

The production rate of nuclidein the sampleP; (atoms- g=*- yr—1)is :

Pi = Pi,ref * Sthick * ST * Si,geo (5)

whereP; ,..s is the reference production rate for nuclidend S is the topographic shielding correction.

The exposure agg for nuclidei is then:

1 Nz pPE

sp

whereN; is the measured concentration of nuclid@toms: g—1), ¢ is the erosion rate (gcm=2- yr=1), \; is the
decay constant for nuclide(yr—1), p is the sample density (gcm~2), andA, is the effective attenuation length for
prodution by neutron spallation.

The internal uncertainty in the exposure agg;t; is:

at; \?
(Cintts)” = (8N-> oN? (7)

whereo N, is the standard error in the measured nuclide concentration and:

O _Tp n (s 2)] ®)
6Nl - 1 i 1 Asp
The external uncertainty in the exposure aggt; is:
A R SN
(Oentti)” = (3]\71- oN; + P, oP; 9)
where
O _ nlpr (a2 (10)
8PZ - ) i 142 ) Asp
UPi = UPi,Tef * Sthick * ST * Si7geo (11)

ando P; ;. is the standard error in the reference production rate of nutlide

11



1.6 getal_beerosion.m

results = get_al_be_erosion(sample,consts,nuclide)

This is the main control function that carries out the erosion rate calculaiobe erosion_one and
al_be erosion_many callit.

The argumensample is a structure containing sample information. The fields are as follows:

sample.sampleame Sample name string

sample.lat Latitude double
sample.long Longitude double
sample.elv elevation in meters double
sample.pressure pressure in hPa (optional if sample.elv is set) double
sample.aa Flag that indicates how to interpret the elevation valustring

sample.thick Sample thickness in cm double
sample.rho Sample density, gcm > double
sample.othercorr Shielding correction. double
sample.N10 T0Be concentration, atomsgy - yr—! double
sample.delN10 standard error of’Be concentration double
sample.N26 26 Al concentration, atomsg—!- yr—! double
sample.delN26 standard error of°Al concentration double

The argumentonsts is a structure containing the constants. It is typically the structure created by
make_al_be consts vi2.m , although only a subset of the fields in that structure are actually used by this
function.

The argumemtuclide tells the function which nuclide is being used; allowed values are 10 or 26. This is a numerical
value, not a string.

This function returns a structure callegsults  that contains the following fields:

12



results.mainversion Version number for this function string
results.objversion Version number for the objective function used in solvstring
ing for the erosion rate
results.Egcm2yr Erosion rate (g cm—2- yr—1) double
results.EmMyr Erosion rate (m Myr—1) double
results.delBnt Internal uncertainty (mMyr—1) double
results.delEext External uncertainty (mMyr—1) double
results.POsp Thickness-integrated production rate due to spallatictouble
results.POmuneg Thickness-integrated production rate due to negatig®uble
muon capture
results.POmufast Thickness-integrated production rate due to fast mualouble
reactions
results.Nsp Nuclide concentration attributable to production bylouble
spallation (atomsg~1)
results.Nmu Nuclide concentration attributable to production bylouble
muons (atomsg~!)
results.fzercstatus Diagnostic flag indicating whethdézero converged| double
or not
results.fzerocoutput Structure containing diagnostic information supplied
by fzero . See the MATLAB documentation of
fzero for more information.
results.fval Value of objective function at solution double
results.time Time required to solve for the erosion rate (s) double

This function solves the equation:

/ [Pi’sp(ét) + Pi“uf(Et) + Pi,uf (Gt)] e_Aitdt — NZ =0 (12)
0

for the erosion rate (here in g- cm=2- yr=1!), whereN; is the measured concentration of nuclidend P; ., (),

P; .5(2), andP; ,_(z) are the production rates of nuclidedue to spallation, fast muon interactions, and negative
muon capture, averaged over the sample thickness, as functions of depth. As this cannot be solved analytically, we use
the MATLAB rootfinding algorithmfzero to find the zero of an objective functioal_be E forward.m , that
computes the right-hand side of this equation, that is, the predicted nuclide concentration for a particular erosion rate.
The actual integration is described in the documentatioalfdre E_forward

As the objective function involves several numerical integrations, finding its zero can be slow. The easiest way to
speed it up is to provide it with an initial guess for the solution that is close to the actual solution. We do this by first
estimating the erosion rate using the simple equation of Lal (1991):

Ni= (13)

and then scaling this result according to a set of comparisons between the Lal erosion rate and the true erosion rate that
we have obtained from calculating both at a variety of erosion rates and elevations. This usually produces an initial
guess for the erosion rate that is within a few percent of the actual solution of the full equation, with the result that
solving the full equation takes 1-3 seconds on our server.

The fact that the full erosion rate equation cannot be solved analytically also makes error propagation difficult. We
cannot compute the derivatives of the derived erosion rate with respect to the uncertain input parameters analytically,
so it requires two additional solutions of the full equation to estimate the derivative with respect to each uncertain

13



parameter. It is time-consuming to do this using the full equation, so we use a simplified erosion rate - nuclide
concentration relationship for the uncertainty analysis:

Pi,sp + Pi,;t
Ait i At i

”w

—N; =0 (14)

where); is the decay constant for nuclideP; ,,, is the surface production rate due to spallatiBy, is the surface
producrion rate due to muond,, is the effective attenuation length for production by spallation, Apd is the
effective attenuation length for production by muons.varies depending on the erosion rate and the sample elevation,
which is why this simplified equation cannot be used to accurately calculate the erosion rate in the first place. However,
as we have already calculatéd ,,, the nuclide concentration attributable to production by muons, while solving the

full equation above, we can calculate the value\gffor which the simplified equation would yield the true erosion

rate by:

Ay = i (15)

i

2

wheree;... IS the ‘true’ erosion rate calculated by solving the full equation. The result is that the simplified erosion
rate-nuclide concentration relationship is adequate for the uncertainty analysis. We have found that this simplified
method of calculating the uncertainties yields uncertainties that, for all practical purposes, are the same as the ‘true’
uncertainty obtained by numerically differentiating the full erosion rate equation, for the full physically reasonable
range of erosion rates and sample locations.

Thus, the simplified erosion rate equation is coded as a subfunction which can be solved qui@dyoby. This

allows the derivatives of the erosion rate with respect to the uncertain pararfietérs;, de/0P; ,.s, etc. to be

quickly calculated. We actually do this with a first-order centered difference scheme. We then add the uncertainties in
guadrature to arrive at the final internal and external uncertainties.

14



1.7 makeal_be constsvl2.m

Syntax:

make_al _be consts v12

This function has no arguments or outputs. It creates a structure ablleel consts  that contains all the constants
relevant to the exposure age and erosion rate calculations, and saves it as a .mat file. All fields are numerical values
except forversion , which is a string. The fields are:

al_be consts.version Version number for this function string

al_be_consts.I10 T0Be decay constant yr1

al_be consts.dell10 uncertainty in'Be decay constant yr-1

al_be_consts.I26 Z6Al decay constant yr1

al_be consts.dell26 uncertainty in®Al decay constant yr-1

al_be_consts.Lsp T0Be effective attenuation length for production byg - cm=2
spallation

al_be consts.Fsp10 fraction of reference’’Be production rate at} nondimensional
tributable to spallation

al_be consts.Fsp26 fraction of reference?®Al production rate at- nondimensional
tributable to spallation

al_be_consts.P10ef reference'Be production rate corresponding tocatoms g—'-yr—!
Lal/Stone scaling scheme used in the exposure|age
calculation

al_be consts.delP10ef uncertainty in above atoms- g~ ' yr=!

al_be consts.P26ef reference Al production rate corresponding toatoms- g='-yr—!
Lal/Stone scaling scheme used in the exposure|age
calculation

al_be consts.delP26ef uncertainty in above atoms- g1 yr—!

al_be_consts.P10spef reference™’Be production rate corresponding focatoms g—'-yr—'

Lal/Stone/Heisinger scaling scheme used in the ero-
sion rate calculation
al_be consts.delP10spef uncertainty in above atoms- g~ - yr— T
al_be consts.P26spef reference?°Al production rate corresponding toatoms- g—!-yr—!
Lal/Stone/Heisinger scaling scheme used in the éro-

sion rate calculation

al_be consts.delP26spef uncertainty in above atoms- g1 yr—!
al_be consts.Natoms10 number density of O atoms in quartz atoms- g~ !
al_be consts.Natoms26 number density of Si atoms in quartz atoms- g~ !
al_be consts.kneg10 summary yield for'®Be production by negativé atoms. (stoppedu_)~!
muon capture in quartz
al_be consts.delkneg10 uncertainty in above atoms- (stoppedu_)~!
al_be consts.kneg26 summary vyield for?Al production by negativgd atoms: (stoppedu_)~—!
muon capture in quartz
al_be consts.delkneg26 uncertainty in above atoms- (stoppedu_)~!
al_be consts.sigmal9@0 measured cross-section at 190 GeV'ftBe produc-| atoms. cm™—2
tion from O by fast muon reactions
al_be consts.delsigmal900 | uncertainty in above atoms- cm—2
al_be consts.sigmal9a6 measured cross-section at 190 GeVXokl produc- | cm—2
tion from Si by fast muon reactions
al_be consts.delsigmal9P6 | uncertainty in above cm=2

15



1.8 makeEplot.m
Syntax:
filename = makeEplot(data)

This function creates thg® Al] " / [1°Be]" —[1*Be] " plot for the exposure age results page. It makes use of numerous
system calls, filenames, directories, etc. which are specific to the architecture of our web server. Thus, itis unlikely to
be useful to users as a standalone function. The only reason it is documented here is so that users know what it is.

16



1.9 skylinein.m
retstr = skyline_in(ins)

The MATLAB web server calls this function when the topographic shielding data input form (skiplug.html) is
submitted. It takes as input a structure containing string variables, which is supplied by the MATLAB web server. It
returns a text string consisting of an output HTML document containing the results of the erosion rate calculation. The
documentation for the MATLAB web server describes this process in more detail.

The input structuréns contains the following fields. All are string variables. These have the same names as the
data-entry fields in the HTML input form.

ins.strstrike Strike of sampled surface (degrees)
ins.strdip Dip of sampled surface

ins.straz String of space-separated azimuths
ins.strel String of space-separated horizon angles

Note that whole number degrees are required for all the inputs (on the basis that measurements with a greater precision
than this are highly unlikely). Decimal degrees will be rejected.

The majority of this function consists of routines that check the input data to make sure it is in the expected form and
is within expected bounds, and convert string variables to numerical values. After the data checking is complete, the
function passes data to the functiskyline.m , which actually carries out the erosion rate calculation and returns

the result. Finally, this function assembles the output data, generates the required plots, and inserts the output data into
the output HTML template.

17



2 Subsidiary calculation functions
2.1 albeE _forward.m
out = al_be E_forward(x,sample,consts,target,dflag)

This is the objective function used lggt _al_be_erosion to solve for the erosion rate.
The argumenx is the erosion rate.

The argumensample is a structure containing abbreviated information about the sample. The fields are as follows:

sample.thickgcm2 Sample thickness (gcm™2) double
sample.pressure Atmospheric pressure at sample location (hPa) double

The argumentonsts contains nuclide-specific constants. The fields are as follows:

consts.| decay constant yr—1
consts.Lsp effective attenuation length for production by spallag - cm—2
tion
consts.Psp0 surface production rate by spallation at sample site] g- cm—2
consts.Natoms number density of target atoms in quartz atoms- g~ !
consts.kneg summary yield for production by negative muon capatoms. (stoppedu_)~!
ture in quartz
consts.sigmal90 measured cross-section at 190 GeV for production loyn—2
fast muon reactions

The argumentarget is the measured nuclide concentration (atongs'), that is, the target that the objective
function is trying to match.

The argumentflag is a string variable telling the function what to return.dffag = ‘no,’ the output is just the
objective function value. Ififlag = ‘yes,’ the output is a structure containing diagnostic information, as follows:

out.ver Version number of this function string

out.N.mu Nuclide concentration in sample attributable to pfoatoms. g=—*
duction by muons at the given erosion rate

out.N_sp Nuclide concentration in sample attributable to pfcatoms g—*
duction by spallation at the given erosion rate

out.Pfast Thickness-integrated nuclide production rate by fastoms. g~ yr—!
muon reactions

out.Pneg Thickness-integrated nuclide production rate by negatoms- g—!- yr—!
tive muon capture

out.Psp Thickness-integrated nuclide production rate by spaktoms.- g—'- yr—!
lation

This function calculates the following:

18



/ P op(et)e™Nitdt + / [P, up(et) + Pi—(et)] e Mtdt — N; (16)
0 0

wheree is the erosion rate (the input argumenthere in g cm=2. yr—1), V; is the measured concentration of nuclide

i (the input argumentarget ), and P; ,,(z), P; . r(2), andP; ,,_(z) are the production rates of nuclidedue to
spallation, fast muon interactions, and negative muon capture, averaged over the sample thickness, as functions of
depth.

The first term of this equation, that is, the nuclide concentration in the sample attributable to production by spallation,
can be integrated analytically:

Pi75P(O)A5P

/ P op(et)eNitdt = [1 — exp —(SZ] 7)
0 0z ()\i + 3 ) Agp

€
sp

whereP; ;,(0) is the surface production rate of nuclidelue to spallation (atomsg='- yr=1), A, is the effective
attenuation length for production by spallation- @@m~2), 6z is the sample thickness {(gm~2), and); is the decay
constant for nuclide (yr—1).

The second term must be calculated numerically. This function uses the MATLAB numerical integration algorithm
qguad to do the integral:

t'rna;r
/ P, . (et)e tdt (18)
0

whereP; , = P; .y + P; ,— is calculated by the functioR_mu_total.m . The upper limit of integration,,, is
either(2 x 10°) /e (nuclide production is insignificant belo@vx 10° g - cm~2) or five half-lives of the relevant nuclide

(a negliible number of atoms produced before this time will still be present), whichever is smaller. The integration
tolerance is set gl x 1074)N;.
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2.2 angdist.m

Syntax:

psi = angdist(phil,thetal,phi2,theta2)

This function calculates the angular distance between two points on a sphere. Given (latitude, longitude) for two points
(41, 61) and(oe, 62), the angle) between them is:

¥ = arccos (cos(d1)cos(p2) [cos(01)cos(02) + sin(61)sin(02)] + sin(¢1)sin(ps2)) (19)
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2.3 antatm.m

Syntax:
pressure = antatm(elevation)

This function converts elevationin meters to atmospheric pressprie hPa using the pressure-elevation relationship:

p(z) = 989.1exp {7;;8] (20)

The pressure-elevation relationship is derived from:

Radok, U., Allison, I., and Wendler, G., 1996. Atmospheric pressure over the interior of Antafatizactic Science
8, pp. 209-217.

For further discussion see:

Stone, J., 2000. Air pressure and cosmogenic isotope produdtomal of Geophysical Researt®6, pp. 23,753-
23,759.
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2.4 d2rm

Syntax:

radians = d2r(degrees)

This function converts angular measurements in degrees to angular measurements in radians.
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2.5 P.mu_total.m

Syntax:

out = P_mu_total(z,h,consts,dflag)

This function calculates the nuclide production rate due to muons at a particular surface elevation and depth below the
surface. The method is described in:

Heisinger, B., Lal, D., Jull, A.J.T., Kubik. P., Ivy-Ochs, S., Neumaier, S., Knie, K., Lazarev, V., and Nolte, E., 2002.
Production of selected cosmogenic radionuclides by muons: 1. Fast nitemtis.and Planetary Science Lette?80,
pp. 345-355. (henceforth, H2002a).

Heisinger, B., Lal, D., Jull, A.J.T., Kubik. P., Ilvy-Ochs, S., Knie, K., and Nolte, E., 2002. Production of selected
cosmogenic radionuclides by muons: 2. Capture of negative mueaish and Planetary Science Lette260, pp.
357-369. (henceforth, H2002b).

The input argumert is depth below the surface in-gm~2. This argument can be a vector.
The input argumertt is the atmospheric pressure at the surface in hPa.

The input argument consts is a structure containing nuclide-specific constants. The fields are as follows:

consts.Natoms number density of target atoms in quartz atoms- g~ !
consts.kneg summary yield for production by negative muon capatoms. (stoppedu_)~*
ture in quartz
consts.sigmal90 measured cross-section at 190 GeV for production lmyn—2
fast muon reactions

The argumentiflag is a string variable telling the function what to return.dffag = ‘no,’ the output is simply
a vector of production rates of the same size as the input argumelftdflag = ‘yes,’ the output is a structure
containing diagnostic information, as follows:
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out.phivertsihl

Flux of vertically traveling muons at the specifie
depths at sea level

sdnuons cm=2.sr 1. g1

out.Rvertslhl

Stopping rate of vertically traveling muons at the sp
ified depths at sea level

Beauons g - srl. s !

out.phivert site

Flux of vertically traveling muons at the specifie
depths at the site elevation

sdnuons- cm—2- sr 1. g1

out.Rvertsite

Stopping rate of vertically traveling muons at the sp
ified depths at the site elevation

ecauons g t-srl. st

ing muons stopping at the specified depths

out.phi Total flux of muons at the specified depths at the $itauons: cm—2. yr—!
elevation

out.R Total stopping rate of negative muons at the specifiegegative muonsg='- yr—1
depths at the site elevation

out.Beta Factor describing the energy dependence of fast munandimensional
reaction cross-sections

out.Ebar Mean muon energy at the specified depths GeV

out.Pfast Nuclide production rate by fast muon reactions at thatoms- g=*- yr—!
specified depths

out.Pneg Nuclide production rate by negative muon capture attoms- g—'- yr—!
the specified depths

out.H Atmospheric depth between the site elevation and|sgacm—2
level

out.L.Z Atmospheric attenuation lengths for vertically travelg - cm—2

The calculation goes as follows.

1. Calculate the flux of vertically traveling muons as a function of depth at sea level and high latitude.

This is accomplished by Equations (1) and (2) in H2002a. The flux of vertically traveling muons at a desba

level and high latitud@,, ¢ (2)is:

for depthsz < 200,000 g - cm~2. This is Equation (1) from H2002a, modified so thas in g- cm~2. For greater

(2 + 21000) [ (z + 1000)*% + 1.567 x 105}

depths®, (z) is given by Equation (2) of H2002a, similarly modified:

D,0(2) = 1.82 x 10

[1211007% __.
-6 {00} e 121100 + 2.84 x 10~
z

B 5.401 x 107 o= 5-5%107%

(21)

The units of®,, (z) are muons cm=2. s~1. sr 1,

2. Calculate the stopping rate of vertically traveling muons as a function of depth at sea level and high latitude,
which is equivalent to the range spectrum of vertically traveling muons at the surface.

The stopping rate of vertically traveling muons at a dep#t sea level and high latitud®, ((z) is the derivative of
the flux of vertically traveling muons with respect to depth. It has units of mugns- s—*. For depths: < 200, 000
g-cm?,
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d bc%—a(%c—l— %b)

— — 7
Ryo(z) = e (®0,0(2)) = =5.401 x 10 22 (23)
where
a4 — e 5-5%x107°%z da — _5.5x 10 6e=5-5%x107°2 (24)
dz
b= (2 + 21000) a_y (25)
- - =
d ,
¢ = (2 +1000)"% 4+ 1.567 x 10° d—z = 1.66 (= 4 1000)"%° (26)

The negative sign is added because the muon flux decreases with increasing depth, so its derivative ought properly to
be negative, but we would like a positive value for the stopping rate. For greater depths,

d J[df  dg
bo(2) = — (Dy(2) = -1.82x10"¢ | ZL g+ &Y 27
Rool) = 2 (B2 = ~182 10 | L g4 % (@7
where
12110072 df  —2(121100)2
f:[ ] @ _ 201211007 (28)
z dz z
= dg e~ 121100 (29)
— 121100 _— = —
g=¢ dz 121100

The stopping rate of vertically traveling muons as a function of depth is equivalent to the range spectrum of vertically
traveling muons at the surface. That is, a muon that had a range of 1@06¢ at the surface will stop at a depth of
1000 g- cm™2.

3. Adjust the range spectrum of vertically traveling muons to a different elevation.

First, calculate the difference in atmospheric pressure between sea level and the elevation of interest. We use the
standard atmosphere approximation to convert elevation to atmospheric pressure. The atmospheric pressure in hPa as
a function of elevation is:

0.03417
0.0065

Puim(2) = Patm o€xp ( [ln288.15 — In (288.15 — 0.0065h)]> (30)

whereh is the elevation in meters afd);,,, o = 1013.25 hPa is the sea level pressure. Pressure can then be converted
to the quantity of interest, that i§z, the atmospheric depth in-gm~2 between the site of interest and sea level, by
62 = 1.019716 (Patm.0 — Patm(2)).

If the atmospheric depth between sea level and the site of interésttisen the vertically traveling muon flux at the
surface as a function of muon rangeat sea leveR, o(Z) can be scaled to the vertically traveling muon flux at the
surface as a function of muon range at the 8it¢2) by:
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Ry(Z) = Ryo(Z)e™D 31)

whereA ,(Z) is a range-dependent, that is, energy-dependent effective atmospheric attenuation length. These attenua-
tion lengths are measured in studies of atmospheric muon fluxes. We follow H2002b and use a relation between muon
momentumpP and effective attenuation lengthy,,..(P) derived from:

Boezio, M, and 33 co-authors, 2000. Measurement of the flux of atmospheric muons with the CAPRICE94 apparatus.
Physical Review D62, 032007.

The relation is:

Apnu(P) = 263 + 150 P (32)

In order to use this relation, we convert muon range to momentum using tabulated values in:

Groom, D.E., Mokhov, N.V., and Striganov, S.l., 2001. Muon stopping power and range tables 10 MeV - 100 TeV.
Atomic data and nuclear data tabl&8, pp. 183-356.

Having obtained\,,,,, for muons stopping at the depths of interest, we can then obtain the range spectrum of vertically
traveling muons at the surface at the site of interRs{.Z ), which is equivalent to the muon stopping rate as a function
of depth at the site of intere®, (z), by applying Equation 31.

4. Latitudinal variability in the range spectrum.

Although the muon range spectrum is expected to change with latitude as well as elevation due to geomagnetic effects,
this effect is expected to be small. We follow H2002b and ignore it.

5. Calculate the flux of vertically traveling muons at the site of interest as a function of depth.

The flux of vertically traveling muons as a function of depth at the site of intérgst) is the integral of the muon
stopping rate as a function of depth at the site of inteRggt), which we have just calculated, from infinite depth to
depthz. That is, the muon flux at a particular depth is composed of all the muons which stop below that depth. Thus,
the flux of vertically traveling muons as a function of depth at the site of interdsy is:

du(2) = /OO R,(z)dx (33)

We actually do this integral numerically, although it would be possible to obtain an analytical expression. We take the
limit of integration to be2 x 10° g - cm~2, where the muon flux is essentially negligible for our purposes.

6. Calculate the total muon flux as a function of depth at the site of interest.

Following equations (3) - (5) in H2002a, the zenith angle dependence of the muon flux is:

d(z,0) = qﬁv(z)cos”(z)G (34)
wheref is the zenith angle and is given by Equation (4) in H2002a, modified so thas given in g- cm—2:
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n(z) = 3.21 — 0.2071n (ﬁ + 42) +1.21 % 10752 (35)

The total muon flux at a particular deptiiz) then consists of Equation 34 integrated over the entire upper hemisphere
and has units of muonm~2- s~!. This is given by:

2

P(z) = m%(z) (36)

7. Calculate the total muon stopping rate as a function of depth at the site of interest.

The total muon stopping rate as a function of defithis the derivative with respect to depth of the total muon flux as
a function of depths(z), that is:

R(z) = - (6(2) (37)
- & (<+2§>+1 ‘MZ)) (38)
- T ) — L (n(zﬁ?'z)ﬂ> (39)
e Ru(e) — 0u(2) (420) (n(e 4 52) +1)7 A (az +2) 1) o)
)~ ) (27 (e +82) £ 1) % Ci2ix107| e

which, as we have already calculatett), R,(z), and¢,(z), we can calculate easily. Again, a factor of -1 is added
to obtain a positive number of stopped muons.

To summarize, we have now calculated the total muon #l(® (muons- cm~2. s ~!) and the total stopping rate
of muonsR(z) (muons- g—!- s ~1) at our site. We convert these to muonsm=2. yr ~* and muons g—!- yr —1,
respectively, by multiplying them by.154 x 107 s- yr—1.

Finally, we compute the stopping rate of negative muBnsz) = 0.44R(z) (negative muonsg~*- yr —1).
8. Calculate the nuclide production rate due to negative muon capture.

Following Equation (11) in H2002b, the production rate of nuclig@toms- g —!- yr—!) from negative muon capture
P —(z)is:

P (2)=R (2)ficfinf] (42)

where
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fi0,c = 0.704 fa26,c = 0.296 (43)
fi0,p = 0.1828 f26,0 = 0.6559 (44)
fio = 0.0043 fis = 0.022 (45)

9. Calculate the nuclide production rate due to fast muon reactions.

Following Equation (14) in H2002a, the production rate of nuclid@oms. g —!- yr—!) from fast muon interactions
Pi,ufast(z) is:

e

Pi,/tfast(z) = ¢(Z)O'07ﬂ(z) (E(Z)) Nt,i (46)

wherea = 0.75.

00,; is the nominal zero-energy muon interaction cross-section for the reaction responsible for producinginuclide
Here is has units of crre. The muon interaction cross-section for a particular reaction is thought to depend on the
muon energy as follows:

Ul(E) = Uo)iEa (47)

00,; is determined from the measured cross-sectigf’) at 190 GeV energy in Table 1 of H2002a using this equa-
tion. These values fd’Be and?¢Al are:

0.094 x 10=27 1.41 x 10727

= 48
190 70,26 190 (48)

00,10 =

N, ; is the number density of atoms of the target element (atayns). The values for O and Si relevant téBe and
26 Al production respectively are:

Ni10 = 2.006 x 10?2 Niog = 1.003 x 10?2 (49)

whereg is a function of depth and is approximated by Equation (16) of H2002a:

B(z) = 0.846 = 0.015In (ﬁ + 1) +0.003139 [ln (ﬁ)} (50)

andE(z) is the mean muon energy at deptand is given by Equation (11) of H2002a:

B(2) = 7.6+ 3217 (1 = e 809107 ) 4 50.7(1 — 750931077 (51)
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2.6 r2d.m

Syntax:

degrees = r2d(radians)

This function converts angular measurements in radians to angular measurements in degrees.
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2.7 skyline.m

Syntax:

[out,data,ver] = skyline(az,el,strike,dip)

This function calculates the topographic shielding correction to the cosmic-ray flux at a site whose horizon is ob-
structed either by a dipping surface or by the surrounding topography.

The input argumentstrike  anddip are the strike and dip of the sampled surface in degrees.

The input argumentaz andel are vectors containing the azimuths (degrees; & < 360; north = 0) and horizon
angles (degrees;4Q el < 360; zenith = 90) of points on the horizon.

out is the shielding correction for the sample (nondimensional; the ratio of the nuclide production rate at the shielded
site to the nuclide production rate at an unshielded site at the same location).

data is a vector containing the interpolated horizon angle visible to the sample, in degrees, for 1-degree increments
of azimuth. It can be used to plot the horizon, epdpi(0:360,data)

ver is a string variable containing the version number of the function.
The calculation goes as folllows:
First, we divide the range of azimuths< ¢ < 27 into 1-degree increments.

Second, we calculate the horizon anglef the dipping surface as a function of azimuth:

6 = arctan [tan 6, cos (¢ — ¢s)] (52)

whered, is the dip andp, is the strike of the surface.
Third, we interpolate the supplied horizon points to give the horizon angle of the topography as a function of azimuth.

Fourth, at each increment of azimuth, we take the higher of the horizon angle due to the dipping surface or the horizon
angle due to the surrounding topography to be the horizon angle visible to the sample. This results in& ¢ector
which defines the visible horizon angleat each increment of azimuth

Finally, the fraction of the cosmic-ray fluk(¢) that lies below the horizon angle in the increment of azimuthiat

¢

T oor

1(9) (sin)>? (53)

whered¢ is the width of the azimuth increment in radiang (80). The total fraction of the cosmic-ray flux that lies
below the horizory is the sum of the values g¢f(¢) for each increment ab. The topographic shielding correction is
then(1 — f).
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2.8 stdatm.m

Syntax:
pressure = stdatm(elevation)

This function converts elevatiorin meters to atmospheric pressprzn hPa using the pressure-elevation relationship
in the ICAO Standard Atmosphere:

gM

e T = (T~ €2)] } (54)

p(z) = psexp{

where sea level pressufe, = 1013.25 hPa; sea level temperatué = 288.15 K; and the adiabatic lapse rate
¢ = 0.0065 K - m~1. M is the molar weight of airg the acceleration due to gravity, aftithe gas constant, giving
gM/R =0.03417 K- m~1,

For further discussion see:

Stone, J., 2000. Air pressure and cosmogenic isotope produdtomal of Geophysical Researt®6, pp. 23,753-
23,759.
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2.9 stone2000.m

Syntax:
scalingfactor = stone2000(latitude, pressure, fsp)

Calculates the geographic scaling factor for cosmogenic-nuclide production with varying latitude and altitude accord-
ing to the scheme in:

Stone, J., 2000. Air pressure and cosmogenic isotope produdtomal of Geophysical Researtf6, pp. 23,753-
23,759.

The input arguments atatitude |, the site latitude (decimal degreegjessure , the atmospheric pressure at the

site (hPa), andsp the fraction of production due to neutron spallation (nondimensional). Accepts vector arguments.
The argumentsp , if omitted, defaults to 0.978, which is the correct value'ftBeThe corresponding value féf Al

is 0.974. Note that usinfgp = 0.844 (°Be) andfsp = 0.844 ESAl) will closely reproduce the scaling factors given

in Lal (1991) as long as the standard atmosphere is used. Note also that this function can be made to yield the scaling
factor for spallation only by specifyinfsp = 1 and the scaling factor for production by muons only by specifying

fsp =0.

The geographic production rate scaling facg, is:

Sgeo(t) = fopSsp + (1 = fsp)Sp (55)

wheref, is the fraction of production due to spallation (input argunispt), S, is the scaling factor for production
by neutron spallation:

Ssp(p) = a+bexp % + cp + dp? + ep? (56)

andsS,, is the scaling factor for production by muons:

(57)

242

1013.25 —
St = Moy (12251

Where the constants..c and M ; depend on the latitude and are defined for certain index latitudes:

[ Latitude]| a | b \ c \ d \ e [ My |
0° 31.8518| 250.3193| -0.083393| 7.4260e-5| -2.2397e-8|| 0.587
10° 34.3699| 258.4759| -0.089807| 7.9457e-5| -2.3697e-8|| 0.600
20° 40.3153| 308.9894| -0.106248| 9.4508e-5| -2.8234e-8|| 0.678
30° 42.0983| 512.6857| -0.120551| 1.1752e-5| -3.8809e-8|| 0.833
40° 56.7733| 649.1343| -0.160859| 1.5463e-5| -5.0330e-8|| 0.933
50° 69.0720| 832.4566| -0.199252| 1.9391 e-5| -6.3653e-8|| 1.000

> 60° 71.8733| 863.1927| -0.207069| 2.0127e-5| -6.6043e-8|| 1.000
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This table duplicates Table 1 in Stone (2000).

This function actually calculates, andS,,,, for index latitudes that bound the actual latitude of the site, and then de-
termines the value at the site by linear interpolation. The exact method of interpolation used is relatively unimportant,
but we have chosen linear interpolation to avoid the problem of under- and over-shooting between index latitudes due
to the polynomial form of the Lal equations. Basically, linear interpolation guarantees that the scaling factor at the site
is not outside the range of the scaling factors at the bounding index latitudes.
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2.10 thickness.m

Syntax:

Sthick = thickness(zmax, Lambdasp, rho)

Calculates the thickness correction factor for nuclide production by spallation. The argumezrteaarehe sample
thickness in cmLambdasp, the effective attenuation length for production by neutron spallation in atayns-
yr~!; andrho , the sample density in gcm~3. Accepts vector inputs.

Calculating the thickness correction factey, ;.. begins by assuming that the production rate decreases with depth
according to a single exponential function:

) (58)

where P(0) is the surface production rate ands depth below the surface (cm). The thickness scaling fagr.
is then:

1 Fmaw As - max
Sthick = / P(2)dz = —2— |1 - eXp(ipZ ) (59)
0

Z’HT.GI pzmaz ASP

whereA;, is the effective attenuation length for production by spallation (input arguirenbdasp) andp is the
sample density (input argumertio ).
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3 Plotting functions

3.1 ellipse.m

Syntax:

[X,y] = ellipse(N10,deIlN10,N26,delN26,0,plotString)
[h1] = ellipse(N10,delN10,N26,delN26,1,plotString)
[h1,h2] = ellipse(N10,delN10,N26,delN26,2,plotString)

Plots an uncertainty ellipse on th€Be]* — [26Al] * / ['\°Be]* diagram (the ‘Lal-Klein-Nishiizumi Al-Be diagram’).

The argumentsl10, delN10 , N26, anddeIN26 are the'®Be and?®Al concentrations and their uncertainties (atoms
g7

The third argument can be 0, in which case the function returns the x and y coordinates -efthmcertainty ellipse;
1, in which case the function plots the uncertainty ellipse and returns its handle; or 2, in which case the function
plots1o and20 uncertainty ellipses and returns their handles. The default is 1.

The argumenplotString is an optional string telling the function what line type and color to use to draw the
ellipse. See the documentation for the MATLAB functiglot for more information.

What this function actually does is calculate the joint probability on a mesh,in):

2 2
. o |7y — Nas z — Nig
p(z,y) = x exp ( 0.5 { o No } + { o N ] ) (60)

It then creates a normalized cumulative distribution/féo determine the values gfthat account for 68% and 95%
of the total probability, and draws contours of the 2-d PDF at those values.
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