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Abstract

The processes that control chemical weathering of bednaitie deep critical zone at a mm-
scale are still poorly understood, but may produce 100s arset regolith and substantial
fluxes of silicate weathering products and thus may be impoft&a modeling long-term,
global CQ. Weathering controls are also difficult to ascertas, laboratory determined
dissolution rates tend to be 2-5 orders of magnitude fedsterfield determined dissolution
rates. This study aims to establish (i) the incipient g¢sses that control the chemical
weathering of the Bisley bedrock and (ii) why weatheraugs calculated for the watershed
may differ from laboratory rates (iii) why rates may felif across different scales of
measurementVe analyzed mineralogy, elemental chemistry, and porwsttyin sections of
rock obtained from drilled boreholes using Scanning Electroarddcopy (SEM) with
energy dispersive spectrometry, electron probe microsisalgnd synchrotron-based Micro
X-ray Fluorescence (UXRF) and X-ray Absorption Near Edgeuctire (XANES)
Weathering ages were determined from U-series isotope ®nalyBneral specific
dissolution rates were calculated from solid-state miogical gradients and weathering
ages. Mineralogical and elemental transects acrossséutions and SEM images indicate
that trace pyrite is the first mineral to dissolve. MiXRF mapping at 2 um resolution
revealed sulfate in pore space adjacent to dissolvingepyndicating that the incipient
reaction is oxidative. The oxidative dissolution of tgriproduces a low pH
microenvironment that aids the dissolution of pyroxereecrorite. The rate-limiting step of
weathering advance, and therefore the creation ofrttieat zone in the Bisley watershed
pyrite oxidation, despite the low abundance (~0.5 vol ¥Pyoite in the parent rock. The
naturally determined dissolution rates presented here eaiffjmgoach, converge with, or in
some cases exceed, rates from the literature thatbeere experimentally determined. The
U-series weathering age data on the mm-scale integhat@getaithering advance rate over the
~4.2 + 0.3 kyrs that the weathering rind took to form. The vezath advance rate calculated
at a watershed scale (from stream chemistry data) espsea contemporary weathering
advance rate, which compares well with that calculatedhi® weathering rind, suggesting

that the Bisley watershed has been weathering at steadyfestéhe last ~4 kyrs.

1. INTRODUCTION



Identifying and quantifying deep Critical Zone (CZ) weatheringchanisms is crucial to
understanding the landscape evolutiefithe Earth’s surface and the development and
regulation of theCZ as a whole (Buss et al., 2008; 2013; Dosseto et al., 2012; Gedle&m
2010; Holbrook et al., 2014; Rempe and Dietrich, 2014; Riebe €Cdl7; St. Clair et al.,
2015) In humid tropical catchments with very high weatherings;ateeathering along deep
CZ rock fractures likely controls the solute weathering fo the hydrosphre (Chapela Lara

et al., 2017; Kurtz et al., 2011; Schopka and Derry, 2012; Whae, 8998) and the flux of
nutrients to the subsurface biosphere (Buss et al., 2005; 2008y Chemical weathering is
one of the primary rate-limiting steps of the glbgeochemical cycle as a whole (Barth,
1961). In this regard, chemical weathering also exertsjarnsontrol on the global carbon
cycle, regulating atmospheric GOver geologic timescales (Berner et al., 1983; Walker et
al., 1981). Therefore, controls on deep chemical weatheringegges may be critical in
terms of understanding and modeling global climate. Howekerrelative importance of
chemical weathering in the deep CZ versus that in,sild the processes that control deep
weathering rategwhole-rock and mineral-specific), are still poorly understoAddérson
and Dietrich, 2001; Buss et al., 2005; 2008; 2010; Tipper et al., 2006).

Hot-spots of chemical weathering may dominate global s#ioaeathering fluxes. In
particular, the tropical regions supply the majority of the dissolved Si that reaches the world’s
oceans, despite covering only a quarter of the land masyb@dk, 1987; Stallard and
Edmond, 1983) and report some of the highest weathering ratesworld (e.g., Buss et al.,
2008; Dosseto et al.,, 2012; Schulz and White, 1999; White and BIQé%). Similarly,
volcanic islands are weathering hotspots, where dissolutidbaodnd Mg bearing silicate
rocks leads to an estimated sequestration of 30-35% ofl dkilya(Dessert et al., 2003). On
volcanic.islands, deep CZ weathering rates are 2 to 5 tgéer than surface weathering
rates (Rad et al., 2007), resulting in ~15 times more @fthe sequestered 30-35%) being
consumed via groundwater flow along subsurface bedrockifes;tversus that consumed by
surface waters reacting with regolith (Schopka and Derry, 201t#pughout this study,
regolith is defined as all material overlying or surroundingadntbedrock, including the
saprolite (an isovolumetric weathering product that rettie structure of the original parent
material) and the soil (the portion of the weatheringfilgr that no longer retains any of the

parent structure).



Some previous attempts to quantify weathering rates ini¢le lfave extrapolated surface
processes to the deep (e.g., McKean et al., 1993; Pavaih £985), or averaged elemental
loss over the entire regolith profile or watershed (e&aillardet et al., 2011; Schulz and
White, 1999; Von Blanckenburg, 2005; White et al., 2001). These megleoesally require
the assumption of a steady-state weathering profitereby the weathering advance rate
(WAR) through the bedrock must equal the surface erostieni.m, the profile thickness is
constant (Fletcher et al., 2006; White, 2002). Several studies proposed mechanisms by
which processes at the atmosphere-regolith interfacecangled with those at the regolith-
bedrock interface, for example, vig @filtration (Fletcher et al., 2006), temperature, runoff,
erosion (West et al., 2005) and precipitation (Riebe.e2@04) However, very few studies
have testd the steady-state assumption (Riebe et al., 2004), amgle, by comparing
surface erosion rates determined from cosmogenic isailmpedances to regolith production
rates calculated from U-Th disequilibria (e.g., Caerett al., 2014; Dellinger et al., 2015;
Dosseto et al., 2008; 2012). The work presented here aims to athisdgsowledge gap by
comparing weathering rates calculated over different dpaichtemporal scales, as well as

depths, to test the steady-state assumption.

Extrapolation of surface observations to the deep driicme assumes that the same
processes, with the same controls, function in both zaw@gkin much of the humid tropics,
the surface ecosystem is separated from deep ecosysterthick regolith (10s-100s of
meters deep), depleted in base cations and mineral nutaedtsharacterized by a sharp
weathering front, producing nutrients close to the bedregklith interface (e.g., Buss et al.,
2010; 2017). As. a result, the surface ecosystem is ralpmb the shallow recycling of
nutrients (Herrera et al., 1978a; 1978b; McDowell, 1998; 2001; StatkJardan, 1978;
White et al., 1998) with atmospheric inputs an integral soofonutrients (e.g., McTainsh,
1980; Pett-Ridge, 2009; Stoorvogel et al., 1997). Also, in some ttegmiofiles, Q
concentrations decrease with depth as @€reases substantially (Brantley et al., 2014; Buss
et al., 2017; Liptzin et al., 2011; Richter and Markewitz, 199%B)s partitioning makes it
probable that the weathering mechanisms at the bedrocktheigterface are fundamentally

different from those at the surface.

If the weathering mechanisms at the surface are decofrpledthose at depth, both zones

must be examined individually at a spatial scale consistéhtthe extent of the reactions.

For example, in the Rio Icacos watershed of Puerto, Riemographic, mineralogical and
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elemental analysis across a granitic bedrock-regoéitsition of about 5@m, revealed that
complete depletion of plagioclase, chlorite and apat®urs over the entire transition and
complete hornblende depletion only occurs over the outem {Buss et al., 2008; 2010
Turner et al., 2003). In contrast, within the same weatigmiofile, biotite depletion begins
in the transition zone (Buss et al., 2008), but continuesugimaut the overlying 4-6 m of
saprolite (Murphy et al., 1998) and quartz dissolves (partiay@r most of the saprolite
profile (2.4 - 8.5 m) (Schulz and White, 1999). If solid-state dissolutiates of these
minerals were integrated over the entire regolith or whest without an upscaling treatment,
the rates would be underestimated as they are likelyeslon the regolith than at the rock-
regolith interface where minerals are fresHJnderestimation of rates may then lead to
misinterpretation of their influence on spatially discr&& processes (e.g., vegetation
growth, subsurface microbial cycles and groundwater evalutioFurthermore,
underestimation by inappropriate averaging of weatheringal&taentire regolith profiles or
watersheds may contribute to tke-called field-laboratory discrepancy of 2-5 orders of
magnitude between lab calculated and field calculated atidessolution rates (e.g., White
and Brantley, 2003), further highlighting the need for gre&tewledge of deep CZ

weathering rates.

Quantification of natural weathering rates, in the cxindé other CZ processes is essential to
modeling the evolution of the continental surface. Taldisth and model the controls on
whole-rock weathering rates, mineral-specific weatheratgs; and weathering export rates,
and therefore the response of the CZ to current andefugavironmental drivers, the
identification of the weathering mechanisms and rateifignitsteps are also crucial
Extrapolating from chemical kinetics, the rate-limitings can be conceptualized as the
‘bottleneck’ in the ‘supply chain’ of nutrients and soil from the bedrock to the rest of the CZ,
limiting its overall productivity (Field et al., 2015). For iaste, regardless of whether a
mineral present in the rock has a fast kinetic dissalutae or not, if the reactive fluid is
highly saturated with regard to a weathering product (i.¢heamodynamic equilibrium), or
undersaturated with a reactant (e.g.,2Jc@en the mineral dissolution will proceed more
slowly than the kinetic rate. For example, in the Lsmaghe Evolution Observatory, Arizona,
USA, van Haren et al. (2017) found that reduced @@usion into pore space limited basalt

weathering rates, shifting the balance towards equilibrium.



Chemical weathering of rocks commonly begins with graimesa#iltration of meteoric
water, which is largely controlled by the texture of theeparmaterial (e.g., grain size
distribution, permeability, porosity) (Bazilevskaya et, &013). Mineral dissolution rates
tend to be slow at this initial stage, as they depend oratkeof diffusion into (and out of)
the solid rock (transport limited). Subsequent micro- or maaiuring or other types of
porosity development allows advective infiltration ofat@ge fluids into the rock and greater
access to fresh minerals, enabling chemical weathering teqatonore rapidly (Buss et al.,
2008; Navarre-Sitchler et al., 2011; Mironenko and Cherkasova, 284 pprosity develops,
the advance of the weathering front may cease to bspwanlimited, and instead become
kinetics-limited (Navarre-Sitchler et al., 2011).

Regardless of the incipient process by which water irirdresh parent rock and initiates
chemical weathering, if water-rock interactions persistiaitite chemical WAR (weathering
advance rate) is greater than the physical erosionaated may formWeathering rinds are
residual outer layers of chemical alteration. Theygamerally formed isovolumetrically and
are composed of secondary minerals (e.g., metal oxideslays) and weathering-resistant
primary minerals (e.g., quartz) (Buss et al., 2013; NavatH8r et al., 2011; Pelt et al.,
2008; Sak et al., 2004; 201@ften visible to the naked eye, rinds are commonly deroted
discoloration and increased porosity, relative to theveathered parts of the rock. Once a
rind has developed, grain-scale infiltration of meteoridewdo the fresh rock is then
controlled by the permeability and diffusivity of the ringhore network (Navarre-Sitchler et
al., 2009) Assuming that rind thickness is directly related to thetower which weathering
has occurred, mineralogical and elemental gradientssaareathering rinds can be used not
only to identify weathering mechanisms, but also to determefetive rates of mineral-

specific reactions over the timescale of rind develapime

Due to issues of accessibility (e.g., vegetation coveckthegolith and conservation
restrictions), few studies are conducted to determine thther@ay mechanisms, whole-rock
and mineral-specific weathering rates and the rate-limitieyy along deep bedrock fractures,
where the majority of weathering occurs in the tropicsni@ky et al., 2017). Here we
document in-situ weathering processes that occur in p, dezpical CZ, located in the
Luquillo Experimental Forest on Puerto Rico, an islandia€anic origin. We used U-Th
isotopic disequilibria across weathering rinds to determinelevrock weathering rates and
to provide a time constraint to calculate mineral-spedifssolution rates over them-scale
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weathering hot-spot (Buss et al., 2013; 2017). This method daffa mechanistic
understanding of the initial formation of the CZ bas@ectly on observations of deep CZ
weathering reaction fronts. We also compared our ratdgbtwratory-determined mineral
dissolution rates from the literature and to whole-rockthering rates measured on different
spatial and temporal scales to identify and understansctie-dependence of our rates.

2. METHODS
2.1 Field site

The Bisley 1 watershed is one of five neighboring -catchsnemthin the Luquillo
Experimental Forest in NE Puerto Rico and is a key stitdyo$the Luquillo Critical Zone
Observatory (LCZO) (Fig. 1). These catchments feed into Maeneyes River, which
discharges into the Atlantic Ocean. The 30+ m thick #gqBuss et al, 2013) is
interspersed with bedrock corestones of the Fajardo famah marine bedded meta-
volcaniclastic rock that was initially deposited in a neaa-surface complex ~100 Ma
(Briggs and Aguilar-Cortés, 1980; Jolly et al., 1998). The #nea underwent low-grade
contact metamorphism, including hydrothermal alteratian,aaresult of the subsequent

intrusion of the nearby Rio Blanco quartz diorite stock M&O(Smith et al., 1998)

The Bisley watershed’s topography is characterized by steep slopes that vary in elevation
from 260 to 400 masl| over a 6.7 krarea (Scatena, 1989). The climate is humid and
subtropical, with" precipitation in every month. Meamnaal temperatures decrease with
elevation, from around 23.5-2T in the lower elevations to 17-2Q in the upper reaches
(Schellekens et al., 2004). Rainfall in the Luquillo Mountamgaases with altitude from
about 2500 to 4500 mm Yover 1200 m of elevation (Garcia-Martino et al., 1996), with
Bisley watersheds experiencing an average rainfall of 3482 riirbefween 1988 and 2003
(Heartsill-Scalley et al., 2007). Of this rainfall, approxinha@8% falls in less than 10% of
calendar days (Scatena, 198@sulting in a rapid streamflow response that is domahaly
fast, near-surface flow paths (Schellekens et al., 2004pifeethe evident near-surface flow
paths, deeper infiltration must occur, as the Bisley lastrows year round. The deeper
flow paths likely run through the bedrock which has regularlyibigted fractures (Hynek et

al., 2017). Indeed, Mg isotope signatures in the Bisley 1 stvestar at base flow have been



interpreted to reflect substantial chlorite dissoluti@hgpela Lara et al., 2017), which only

occurs at rock-regolith interfaces, deep in the Bislgy(Buss et al., 2017).

2.2 Field sampling and sample preparation

In 2010 a wireline drilling campaign was conductedRoad 915near the stream gage for
the Bisley 1 catchment and along the spine of the laig that borders the catchment (Buss
et al., 2013). Samples in this work originate from boret®1&V1 (N18 18.933 W65 44.748
referenced to NAD83 datum; see Fig. 1) drilled to 37.2 m depths(Bual., 2013). Drilling
was conducted by Geo Cim Inc. (Guaynabo, Puerto Rico), udigdraulic rotary drill with
diamond-impregnated drill bits. Bisley 1 stream water ugesl as the only drilling fluid. The
weathering advance rate of the Bisley 1 regolith has la¢ésn previously investigated at
location B1R (Fig. 1) by Dosseto et al. (2012).

Extensive optical petrographic microscopy and preliminaryMS& thin sections from
throughout this borehole and another borehole noted abuweathered fracture surfaces in
the recovered rock, with visible rinds up to 15 mm thick (Bussl.e2013). Most of these
rinds were 3-10 mm thick. For the present study, we selecteddjacent samples, BIW1-1-
4 and B1W1-1-5 (from a.depth of 3.4 m), which we deemed repatsenas they have
approximately 6 mm.thick weathering rinds and unweathered miraardl elemental
compositions (i.e., at the region of the thin sectiamghést from the rinds) close to the mean
for the bedrock (average of 18 samples; Buss et al., 20&3e two samples are analogues,
as they are from the opposing sides of a fracture, meaheyghave undergone the same
degree of weathering for the same period of time and bgptagt the same thickness of rind.
B1W1-1-5 was used for elemental and mineralogical anadysiscut perpendicular to the
fracture surface (Fig. S1Following vacuum impregnation with Epo-Tek 301 epoxy resin,
multiple 30 um thick petrographic thin sections were then maidtedimensions of 27 x 46
mm (Spectrum Petrographics, Inc., VancouveA\Wb cover the entire weathering profile of
the sample. Thin sections were then finished withbgudn diamond polish. To minimize the
interaction of samples with water, the matenahs only exposed to an anhydrous
cooling/lubricant fluid throughout the preparation processn@e B1W1-1-4 was reserved
for U-Th analysis and inductively coupled plasmaptical emission spectrometry (ICP-
OES) (Fig. S2).



2.3 Microscopic analysis

To determine the spatially resolved, elemental compasdiothe weathering rocks (which
can then be used to determine the mineralogical compositioHitachi S-3500N scanning
electron microscope (SEM) was used in conjunction withharffio Scientific 10mnt
Silicon Drift Detector (SDD) (35take off angle) to couple backscattérlectron (BSE)
imaging with micrometer scale X-ray elemental mapsesing from the unweathered parent
material up to the edge of the weathered fracture surfageSEB). The SEM was operated
at an accelerating potential of 20 kV for all X-ray edgtal maps. The elemental maps were
produced by rastering the electron beam automaticallythatl®DD recording the number of
X-ray counts at different excitation energies (whichrespond to different elements).
Elemental X-ray maps were produced with a 1024 x 1024 pixdutesowith 40 frames per
map and a frame time of 100 s, resulting in‘an average dwelldf 95 pus. To determine
mineral modal abundances, phase analysis was conducted elartiental X-ray maps using
the Noran System Seven (NSS) V3.2 software. Briefly, pixéls similar X-ray spectra are
grouped together and attributed by the user to a specific mimaseéd on the elemental
composition and crystal morphology. Porosity was detexthirom the areas of X-ray maps
that have an elemental composition of S{@e glass of the thin section) and identified by
the user as visually distinct from quartz (pore space apptsuis and quartz as grey on BSE
images) To calculate the mean area percentages of each mifieeak-ray phase analysis
maps from the furthest area inboard of the fractureaseyfmeasuring 2.8 mm by 2.1 mm
were averaged. Then the two-dimensional area percentagyesprojected into the third-
dimension to produce volume percentages of minerals, assanfinghogenous distribution
and that the dimensions of the mineral grains are the sarihe z dimension as in the,xy
with the uncertainty presented as 1SE. To obtain stafligt significant counts and a good
signal/noise ratio for the X-ray mapping, an acceleratoitage of 20 kV was necessary. X-
ray phase analysis was used in favor of XRD due to the highsitigiyn and spatial
resolution of the method, previously XRD analysis of theelidledrock failed to detect the

presence of pyrite which was detected by SEM (Buss &(dl3).

To determine profiles of elemental and mineralogical charmgeoss the rock weathering

fronts, five X-ray map transects were produced parallghégpropagation of the weathering



front, running from the fracture surface into the pamauk (Fig. S1) and averaged. The
uncertainty is presented as one standard error of tla {iSE) of the five transects and

propagated through all calculations using standard error prapagales.

To corroborate the results of the elemental X-ray snapulk solid-state elemental
concentrations were also analyzed by ICP-OES followingulithimetaborate fusion, on
samples drilled along a ~5@m transect in sample B1W1-1-4 using a handheld rotary tool
with a diamond impregnated bit (Fig. S2). The uncertainty® ICP-OES data is presented
as 1SE of a local rock standard analyzed repeatedly overasgears, or where larger, the
detection limit of the method.

Element oxide compositions of minerals were determined tfja@wvely on a five-
spectrometer Cameca SX100 electron microprobe at the Wityvef Bristol, run at 20 KeV
usinga 10 nA regulated beam current, with a focused beam. To meks@a, Cr and Ti,
LPET crystals were used; TAP crystals for Na, Mg, $i Ahand an LLIF crystal for Fe and
Mn. The set up was then calibrated against a range of mingidd, and metal standards.
Counting times for most elements were 30 s on peak and hStedackground. Na was
measured first to prevent migration, however, due to the bagttentrations of Na no
mobility was observed. A diopside standard and amphibohelatd were run in triplicate as

unknowns at the beginning of each analytical session.

Mineral diameters were measured from BSE images usingnthgell image procesgin
software (National Institute of Mental Health, Marylan@he sample size was 50 for each
mineral and-the diameter is presented as the mean opdpiglation with the uncertainty
presented as 1SE. An SEM image’s scale bar was measured 100 times, to determine an
accuracy of -0.06 % between the measured and actual lentitla precision of 3% from the

average measured length.

2.4 Weathering alteration analyses

2.4.1 CIA

The chemical index of alteration (CIA) of silicate roakas calculated to document the loss
of mobile base cations Ca, Na and K, relative to Al, Whik assumed to be relatively
immobile (Nesbitt and Young, 1982):
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(Al03+Ca0+ Na, 0+ K,0)

CIA = x 100 (1)

The CaO includd in the CIA calculation includes only that which is incorpadatesilicate
minerals and excludes the fraction present in carbowatpsosphates, if present (Bahlburg
and Dobrzinski, 2011; Fedo et al., 1995). However, as the Jdfescthe losses tal,0s, it
actually documents the degree of weathering of aluminosiliceterats, with particular note
to feldspars weathering to clay minerals. Values of CIA for parent material are typically <55
and increase with the degree of weathering to a maximur®{Nesbitt and Young, 1982)
The CIA therefore gives a rough indication as to whatldepthe profile can be deemed as
unweathered parent material for other analyses such asid3-sand the mass transfer

coefficient (as described below), where a parent sarspézjuired:

2.4.2 Mass transfer coefficient
Chemical weathering produces profiles that record (i) the s mobile components
(elemental or mineralogical) from a parent rock, {ig addition of components from external
sources and (iii) the translocation of elements withimddile. By definition, the total mass of
an immobile component in a weathering profile remains theesa the weathered material
as in the parent material. However, when mobile comporematsiost from the system,
lowering the density of the material, the solid-statacentration (or mass fraction) of the
immobile component .increases. Therefore, by normalizihg measured solid-state
concentrations of mobile components (elements or mejei@lan immobile component, the
net mass loss or gain of the mobile component, relatvéhé parent material can be
determined (Anderson et al., 2002; Brimhall and Dietrich, 1987):

Tij = <M> -1 (2)

Cj,p Ci,w

wheret = mass transfer coefficient= immobile component, = component of interest, =
mass fraction (wt %), p= parent material anev = weathered material. Whemn; = 0, no
mobilization of j has occurred relative to the parent position. Whert;; = -1, component |

is completely depleted and whemn >0, component j has been gained relative to the parent

composition. Therefore, can be used to track the progress of weathering througifike pr

To establish the least mobile component for the cdiomaof t, the immobility of
components were tested using volumetric strain. Isowetiuen weathering involves the

removal and/or addition of components to the weatheriofilgmith neither compaction nor
11



dilation (Gardner, 1980)As weathering rinds are isovolumetric weathering produtts, i
follows that the change in volume resulting from volumettrain should be near zero for an
immobile element (Ague, 1994; Brimhall and Dietrich, 1987), cateul by:

PpCip
&, = —=—1 3
iLw PwCiw ( )

whereg; ,, = the volumetric strain (Fig. S4) in the weathered $agnple with respect ta
putative immobile component (ip,, = the bulk density of the weathered material (g°;m
pp, = the bulk density of the parent (p) material (g'%rrCi,W = the mass fraction of
component i in the weathered sample () and Cip = the mass fraction of component i in

the parent material (g3,

We quantified mass transfer) @cross the Bisley weathering rind profiles using Eq. 2, which
is applicable when the parent material is homogeneous ainghaobile element is present in
both the parent and weathered materials. The Fajardotfomizedrock is of homogenous
age (Albian) and possesses several relatiralyiobile elements that are readily measured
using X-ray elemental analysis (Ti, Al, Si) in the paremd weathered material as
determined abovedther immobile elements such as Zr are present in rocknbugry low
concentrations and heterogeneously distributed, meanihghthancertainty associated with
them is too great to make meaningful interpretations whepagaied through calculatians
The composition of the rock ranges between andesite aatlibandesite and the grain size
varies (Buss et al., 2013); geochemical and textural lygeeity were accounted for by
averaging multiple transects along the thin sections frenparent material, through the rind

to the fracture surface, perpendicular to the weatherimg Fog. S1)

2.4.3 Mineral specific dissolution rates

White (2002) showed that a solid-state depletion profileafgiven weathering component
within regolith can be used to calculate a rate of losshle component as a function of the
WAR (also referred to as the weathering velocity, 5g. However, to calculate mineral-

specific dissolution rates,cannot be used as it is dimensionless. Therefore, meeda to

an equivalent parameter,, @nol kg™):

CW = Cj,p (Ti,j + 1) (4)
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where G, is the mass fraction of element j in the parent nateAssuming 1-D vertical
transport, a decrease (Fi§3 in the normalized concentration of a mineral or elenfiexth
the initial mass fraction (e.g., g minerat gpck) G, at depth & to a weathered state {Cat
depth 4, represents a loss of that component from the paratéria (White, 2002). Inthe
case of an element, this loss is only representedisf ribt incorporated into a secondary
mineral. In a soil or regolith profile formed on homogaue parent material, the,®f a
weathering, mobile component generally decreases with disfemio the parent material,
describing a weathering reaction front in reference to #urdek-regolith interface. In a
weathering rind profé, weathering reaction fronts are defined relative to thetdre surface
tracking loss of mobile components from the un-weatherediontof the rock towards the
fracture. In either case, the thickness of the wemidpeeaction front is inversely proportional
to the reaction time, such that sample points furthest the un-weathered parent represent

the longest reaction times.

If the weathering profile thickness is in steady-stage, (constant with time) or quasi-steady-
state (where the thermodynamics of the system chalogdy enough that equilibrium is
maintained (Lichtner, 1988) and therefore conditions siscthe WAR are constant over the
timescale of profile development, mineral-specific alisson rates can be estimated from an
approximated linearrgdient of the mineral’s weathering reaction front and the WAR (Fig.

S3 White, 2002):

= 10—3i(Wb—‘f) (5)

wherer,, (mol m? s is the mineral-specific, surface-normalized dissotutiate;p = mass
fraction of the mineral in the weathering matefiglg?); S = specific surface area of the
mineral (nf g*); WAR = solid-state weathering advance rate (11 ;= slope of solid-state
weathering gradient (m kg ml representing ¢ with depth (Eq. 4, Fig. S3) and iGs a

unit conversion factor.

Some weathering rind rate models incorporate a parameterstoilae diffusive transport
(e.g., Navarre-Sitchler et al., 2011; Sak et al., 2004), whicaked to derive a time constraint
by relating diffusion coefficients to the thickness of tind In the present study, U-series
isotope measurements were used to more directly deterntinge aconstraint (WAR) for

Equation 5. The weathering gradient) (®mply describes measured mass changes across a
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weathering profile, and therefore Equation 5 can be usedstimage mineral-specific
weathering rates in diffusive or advective weatheringmegi

In a steady-state weathering profile, a gradient inrss transfer of a mineral ¢r Gy, Egs.

2 and 4) with depth indicates where in the profile a reacsi@tcurring, that is, it defines a
mineral weathering front and is inversely proportional tordte (Eq. 5; Fig. S3). Locating
the zone of reaction enables interpretation of ratébe context of other spatially variable
parameters, such as porosity anc.p@e calculated mineral-specific weathering rates (Eq.
5) usihg gradients determined from changes in mineral volumesadhe Bisley weathering
rinds; these gradients track congruent mineral dissolatiotransformation into a secondary
mineral (e.g., kaolinite), but do not track incongruent disgoiut

2.4.4 Geometric surface area

Previous workers (Gautier et al., 2001; Mellott et al., 2002; Wéiteal., 1996) have
suggested that geometric rather than BET surface areasae representative of reactive
surface areas in the weathering environment. Thereforealtmlate the mineral specific
surface area for Eq. 5, a geometric approael used (Helgeson et al.,, 1984; White and
Brantley, 2003), based on the average mineral grain diameésmsity, geometry and
roughness:

_6A
pmD

(6)

where, S = specific surface area of the miner@ldh); A = roughness factor Gmm?) (found
to be 7 for a wide range of silicate mineral sizes (Whiid Reterson, 1990)p;,,, = mineral

density (g crif) and D = average mineral grain size diameter (um).

2.5 U-Th disequilibria

The uranium-thorium (UFh) decay series can be used to directly measure the lehtithe
since the introduction of water into a rock sample (eChabaux et al., 2003; 2013;
Dequincey et al., 1999; 2002; Dosseto et al., 2008; 2012; Hansen andlS&&tMa et al.,
2010; 2012; 2013; Pelt et al., 2008; Rosholt et al., 1988 parent nuclid&®®U decays with
a half-life (Ty) of ~4.5 Ga td>*U (T12 = 244 lyr) which subsequently decays#8Th (Ty =

75 kyr). The half-lives of the two daughter radionuclides are anpawable timescales to
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Earth surface processes such as chemical weatheringy$tem remains undisturbed for 5
decay half-lives of**U (roughly >1.3 Mr) then the U-series system is said to be in secular
equilibrium (i.e., the flux from the daughter nuclide dgial to the flux of the parent to the
daughter). When secular equilibrium is achieved, the daughtentpactivities (number of

atoms of an isotope multiplied by its decay constant) guale

The order of mobility of the nuclides is generally viewed#9>?*®U>Th (Chabaux et al.,
2003; 2008; Dosseto et al., 2008; 2012; Ma et al., 2013). Thus, add-gdesequilibrium
(deviation from secular equilibrium) is established whebedring phases are exposed to
reactive fluids (e.g., groundwater). Disequilibria in weattiematerial tends to show
(*UP) < 1 and £ThA%U) > 1 (parentheseindicate activity ratis, hereafter). The
extent of disequilibria therefore records the time phssece the mineral-water interfacial
area was great enough to mobilize U.

To determine U-Th isotope ratios across the Bisley weatheinds, a transect of ten points
was drilled on sample B1W1-1;4xtending 48 mm from than-weathered interior of the
rock (representing parent material) to the fracture ser{&ig. S2). A sample at each point
was extracted by drilling with a 3-mm diameter carbide-tipgeit bit until a mass of100
mg was obtained. Each sample was then homogenized anddcussihg an agate mortar and
pestle. Samples were then spiked with ~30 mg df%-**°Th enriched solution and
dissolved in a mixture of HCIQ HF and HNQ. Once dissolved, samples were heated to
100°C to evaporate fluorides and were then dried down by step m@poat 156C, 176C
and 200C. Samples were redissolved in 1.5 M HN&hd loaded onto columns containing
EichromT™.TRU resin to separate U and Th (Luo et al., 1997). The UTandotope ratios
were measured on a Thermo Neptune Plus multi-collectorMSPat the Wollongong
Isotope’ Geochronology Lab, University of Wollongong, follegvthe method describdd
Sims et al. (2008). The precision and accuracy of theityctatios were determined by
analyzing the gravimetric standard, Quartz Latite (QLO-1) retgrmalues of 1.006 +0.001
(2SE) and 1.005 +0.004 (2SE) f6U/2%) and €2°Th/”*%U), respectively

2.6 U-Th Modeling

The calculation of the weathering advance rate ofitteds (WARi.g) assumes that U-series

isotope fractionation within the system is controlled bytiering processes (Chabaux et al.,
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2008; 2011; 2013; Dequincey et al., 2002; Dosseto et al., 2008; Ma 20H);, Pelt et al.,
2008). The fractionation (i.e., deviation from secular eguidim) results from the
mobilization of radionuclides, which can be expressed ingayfmloss and/or gain to the
system. Loss processes include mineral dissolution anddautdéisorption from secondary
minerals. Nuclides can be added to the system via illuvigtiocesses plus sorption. and co-
precipitation of nuclides to minerals such as Fe(lll)-(hgxides or clays. Aeolian deposition
can be another source of nuclides; however, this isrginerrelevant to weathering rind
studies. Assuming net losses and gains are constant wihatichthe weathering advance is
unidirectional the temporal evolution of the number of these nuclidegen of sample can
be described by Eq. 7 to(@habaux et al., 2013; Dequincey et al., 2002; Dosseto 2088;
Ma et al., 2012). All of these equations use first order lainetie laws (dependent on the
concentration of one reactant) to describe continuousdeutbss or gain (open system
conditions) and zero order rate laws (independent of aheentration of the reactants) to

describe nuclide gain.

d238U

at = f238238U0 - k238238U - AZSSZSSU (7)
d®*u _ 234 234 234 238
e f234 7 Ug — k34”7 U — A334°7"U — A3 °°U (8)
d230Th
P f23023°Thg — k30 2°°Th — 23307 °Th + 53,%**U 9

where: 4; = decay constant (y) of nuclidesj (here®*u, U and**Th); k; = first order
nuclide loss constant (J for leaching of nuclideg; and f; = nuclide constant () of

nuclides;j gained by the regolith. Input fluxes are presented as apiap of the number of

atoms of nuclides added per year to the assumed initial qu@ntiisessed ag N,).

By solving Eq. 7 to 9, the theoretical activities of thierent nuclides in the sample at time
t were determined. These activities were then used to atdcile wo independent activity
ratios 2*U/2%U) and °Th/”®U). The nuclide activities and the activity ratios are esped

as a function of the mobility parametets, {;), the initial activities of the different nuclides

and time ¢) (Chabaux et al., 2013). For these calculations,the time elapsed between the
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initial reference stateg € 0) and the current stage of weathering. If the referstate sample
has not undergone sufficient weathering (where mineradwateractions are great enough
that U series isotopic fractionation occurs), theepresents the weathering age of the rock.
The reference state= 0, was taken as the furthest sample inboard of the ar@aghfront,
with a distance otz from the sample being considered. Even if the sampéd as the
reference state has undergone weathering it can stilkée to determine the WAR, ast
(kyr) will be the interval of time passed since thesidered sample was at the same relative
position to the weathering front as the reference ,statéeng depthz (mm); WARinq i.€.,

velocity (mm ky#') was then calculated by Eq. 10.
WAR, ;g = z/dt (10)

If all mobility parameters are constrained, and nuclideetionation only occurst the
weathering front, then the analysis of just two poithie feference state and a point that has
undergone weathering) are required to calcuttteand thus WAR.¢. Although this is
theoretically sound, in practice, parent rock samplesatralways at secular equilibrium and

the mobility parameters are not usually defined.

For simplicity, nuclide loss and gain were assumed tobstant across the sample (from the
unweathered parent rock into the rind) (Dequincey et al., 2082e6 et al., 1990; Ma et al.,
2012) The assumption of constant loss and gain is valid bedéwesprocesses governing the
loss and gain of nuclides is likely to be the same actwssnim-scale of the study. The
measured disequilibria in the samples were then used toniletethe mobility parameters
and the age of the individual samples relative to thenpa@mple (Chabaux et al., 2013)
WAR/ing Was then calculated from the variation of weathergg @f individual samples as a
function of distancez) from the parent sample, assuming the WiFs constant ovez. As

Th may be mobile (Ma et al., 2010; Dosseto et al., 2014) sHistem had 7 unknowns: six
mobility parameters (a loss and gain parameter for eathpis) to be determined plus one
weathering age (t) for each sample. Assuming that Wadhd the aforementioned mobility
parameters are constant with timé&49/2%U) and ¢°Th/”®U) ratios were needed fora
minimum of four samples from different depths in the wesatly profile to calculate Eq. 7-9.
Using the U-Th isotope ratios measured on the 10 samplesdur 48 mm transect, these
equations yieldd the individual change in timelf) since each sample at distance z from the

reference sample resided in a spatially and chemically equivalosition as the parent
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sample (Eq. 10) (Chabaux et al., 2013). By satisfying theviav@ablesdt and z for each
sample, we calculated the individual weathering ageachesample and then an average
WARqing Of the profile. No volume correction was required ae trofile weathexd
isovolumetrically (Fig. S4).

The unknown parameters and WaARwere constrained using a model that utilizes a non-
linear, least-squares problem solving algorithm: the Mdflafunction, Isgnonlin (e.g.,
Chabaux et al., 2011; Dosseto et al., 2014; Ma et al., 2012 modelwas- solved by
minimizing the sum of the squared differences between the kaotiity ratios, t3*U/*%)

and ¢3°Th/”®U), and the modeled activity ratios were calculated wisieteof random values
for the unknowns. A large number of solution sets wergted (>1,000), with variables
constrained by upper and lower boundaries. The final solsgbroutput by the model was
the most commonly calculated values of the dataset. Simailgorithms have been
successfully used to determine WARs in other studies (Qkadtaal., 2003, 2013; Dosseto
et al., 2008, 2012; 2014; Ma et al., 2010, 2012).

2.7 Micro X-ray Fluorescence Spectroscopy (UXR)

Micro-XRF (u-XRF) measurements were conducted on the Bisley bedrooks#dtions
(B1W1-10-5) using the 118 beamline at Diamond Light Source, Edf.the duration of the
experiments, the storage ring had operating conditions @\B3e&kctron energy and 150 mA
electron current. Standards with known oxidation stateshf® element of interest were not

used, therefore the uXRF maps represent relative propsiif different oxidation states.

Following collimation of the beam, excitation energiesre selected using a liquid nitrogen-
cooled Si(111) double crystal monochromator. The beam tvas tocused using non-
chromatic Kirkpatrick-baez focusing mirrors to produce a spetaf 2 um x 2 um. A 0.1
mm thick aluminum filter was used to reduce the beam currantp®s were mounted at 45
to both the incident beam and a 6-element silicon drift ctiete(SiriusSD®, SGX
Sensortech). All spectra were acquired in fluorescence ramdethe distance from the
sample to the detector was adjusted so that that the ¢tatal cate was within the range of

the processing electronics.
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2.7.1 Fe oxidation state maps

Prior to collecting data, the monochromator was caldordty defining the first derivative
peak of an Fe foil standard spectrum as 7112.0 eV with agyeresolution of 0.5 eV at the
Fe K-edge. Fe K-edge spectra were recorded using step sized/dbbthe baseline before
the edge (6987 7099 eV), 0.5 eV for the edge region (7099137 eV), 1 eV for the
XANES region (7137-715@V) and 2 eV for energies above 7150 eV. Due to the high
concentrations of Fe in the samples, a low dwell timelal s per point could be used.

Maps of changing Fe oxidation states were produced byldicating spectral features in
XANES that are sensitive to changes in oxidation staterdgies of 7119 eV and 7130 eV
were determined for Béand F&", respectively, by comparison of XANES on the edge of a
weathered pyrite grain, where oxidation is likely, and tbeter of an unweathered pyrite
grain where oxidation has not occurred or occurred to arlessent (Fig. S5Next, maps of
fluorescence intensity as a function of position wareduced by rastering the stage both
horizontally and vertically for excitation energies @380 eV (baseline), 7117 eV &g
7130 eV (F&") and 7400 eV (Rga). Each of the maps were then normalized to the beam
intensity (b) followed by the subtraction of the baseline map (7080 edhfeach of the
other maps. The 7117 eV and 7130 eV maps were then each nornalibed7400 eV map

to account for concentration effects. All data manipulaivas performed in Microsoft Excel
and the maps produced in PyMca (Software Group, European rSymoch Radiation
Facility).

2.7.2 S oxidation state maps

All experiments were conducted in a helium environment to miniams®rption of the X-
rays by air. The monochromator was calibrated by defirnaditst derivative peak of sulfate
within the spectrum of a scotch tape standard (Czaglh, &012) as 2472 eV with an energy
resolution of 0.3 eV at the S K-edge. Quick XANES were conduatpeatedly on a single

grain of pyrite to assess oxidation as a result of bdsmeage, with no oxidation detected.

Micro-XRF maps of S oxidation states were produced by aiilg the S K fluorescence at
2471 eV (%), 2482 eV (8 and 2600 eV (total fluorescence). The maps were then
normalized as per the method described above for Fe uXRB.mAs the oxidation state of S
increases, the absorption edge shifts to higher enemigs Fleet et al., 2005; Métrich et al.,
2009; Wong et al., 1984). Therefore, the maximum normalizedsity (a.u.) at each of the
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energies above can be used to map changing S oxidation Jta¢e§ peak energy was
identified by XANES on a pyrite grain within the sampleg(F$6). The & peak energy was
selected from a value for barite in the literature (Métret al., 2009) and previous

experiments on beamline 118 specifically (Fig. S6).

2.8 Watershed Scale Weathering Advance Rate

When calculating a weathering advance rate at the wwatiscale (WARatershed, the rate is
normalized to a geographical surface area, as opposedrurtbeal grain-scale surface area
when calculating WAR,q. In addition, WARatersheqUSES Stream or river data to calculate
mass loss via solute concentration and the time @onstria runoff. As such, WARershed
provides a contemporary weathering rate for the snapshoentoah which the stream or
river is sampled, compared to the kyr timescale reptedeby WARnq¢. By calculating
WAR\atershedWe can therefore compare it to the WARto examine how WAR varies on

multiple temporal and spatial scales.

We calculated WARaershed fOr the Bisley 1 watershed stream, following the metiod
Galillardet et al. (2011):

CWR

WAR =—
watershed (Palkpp(l—q’o)

(11)

where: @, = average mass fraction of alkali and alkaline eartlosfper g of parent rock
(g g"); pp = average bulk density of the parent (g¥mb, = porosity of the parent material
(vol %) and CWR is the cation weathering rate calcdlayemultiplying the concentration of
cations (mg L*) of the total dissolved solids, TRS by the runoff of the watershed (myn
l):

CWR = TDS_.4: X Runoff (12)

To calculate WARatersheqUsSing Eqg. 11 and 12, daily stream discharge from 2000 to 2005
(Gonzalez, 2011) was used to calculate run off, and weeldgnichl composition of the
stream and rainfall from 2000 to 2005 (McDowell, 2010; 2012) was used tolatalc
rainfall-corrected stream chemistry (raw data from th@ER online database
http://lug.lternet.edu/data) (Talkhl).
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To investigate the potential effect of weathering inBieey watershed on the global silicate
weathering-climate feedback, we used the weekly stream stigraveraged over five years
(TableS1) to determine a Cf£consumption rate (CDCR) for the watershed (Gaillardet. et
2011):

CO0, consumption rate = [HCO3;~ ] X Runoff (13)

where [HCQT] = concentration of HC® in mol km® and runoff is in km yt. HCO;
concentration was calculated from stream chemistrygehbalance, as the stream is not
hydrothermally impacted, the anionic charge is dominated by sHQ@is equation can
therefore also be written as:

CO, consumptionrate = ([Na*] + [K*] + 2[Ca?*] + 2[Mg?*]) X Runoff (14)

where [i] = concentration in mol Kfhand runoff = kmyi.

3. RESULTS
3.1 Parent rock mineralogy

A Winchester-Floyd plot (Fig. S7) indicates that the oagi lithology, prior to

metamorphism, was an andesite. However, hydrothermaltaltena the area has altered the
rock type to an albite-epidote hornfels facies rock, ldigpg the characteristic hydrothermal
minerals: albite, epidote, pyroxene and chlorite. Lowendhnce hydrothermal minerals that
are present-include: pyrite, sphene, illite and apaltiteerestingly, previous work on the
lithology of the area (Briggs and Cortes-Aguilar, 1980) marikee Bisley watersheds as
outside of the metamorphic aureole of th@ Bianco stock intrusion, however this low-

grade, contact metamorphic facies clearly places it nvitiee aureole

Plagioclase comprises the majority of phenocrystasmeng on average 126 + 31bmn
(determined from SEM images) along the long axis, most oftwisi albite with occasional
intergrowths of anorthite. The albite contains theamj of the bedrock Na, with only trace
amounts found in the pyroxene and amphibole. Pyroxenesdsmiras an accessory mineral,
predominantly in the form of augite, with variably sized ggafrom 74 + 8 um as
phenocrysts t&11 + 3 um when found in the matrix, with some occagdionlritization. To

optimize the signal to noise ratio of the X-ray elataé mapping, a higher accelerating
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voltage was used during the analysis. The higher accetgnatitage resuétd in a greater
excitation volume of the parent rock, meaning that dueeio $ire and chemical similarity to
augite, amphibole inclusions within the augite grains cooldbe differentiated. Therefore,
the minor amphibole was included in the pyroxene abundariEpidote has an average grain
size of 31 £ 4 um, with the typical monoclinic-prismatrystal habit of epidote. Chlorite
comprises the majority of the matrix, however as ihisrocrystalline, the average grain size
was difficult to estimate. Therefore, the mean mednarehlorite grain size for this bedrock
of 14 um reported by Buss et al., (2017)was used (determined from SEM images) and thus
the chlorite surface area was likely underestimated.

Quartz occurs as an accessory mineral with a fairly lgemous distribution throughout the
sample despite its variable grain size, wittD3 0.9 um sized grains, on average, for those
that were measurablén addition, microcrystalline quartz comprises partha matrix, but
these grains were too small to measure on the .SBNlence of hydrothermal alteration
includes occasional quartz veins and sphene, illite, amatttepyrite. Sphene occurs within
the matrix, concentrated around the edges of larger grdites occurs as a component of
minor sericitization of plagioclase grains (Fig. 2A). Apmresides within the matrix as
small, spherical/sub-spherical grains constituting the ordgsurable source of phosphorous
The distribution of pyrite is heterogeneous within tbek, with grains of 14 + 2m in size.

Trace lante, arsenopyrite and chalcopyrite also occur.

3.2 Weathered mineralogy and profiles

The order in-which the onset of mineral dissolutionunscan be estimated from the depth of
each mineral’s weathering reaction front (Fig. 3 and 4) and SEM observations. Using this
method, the order of mineral dissolutioras found to bepyrite > pyroxene > chlorite >
anorthite > llite ~ apatite > &bite ~ epidote. Quartz and sphene are conserved across the
profile. Incipient pore space is frequently lined with kixide (MnQ) precipitates around

the edges (Fig. 2B). Chlorite is the only primary mineral bt contain Mn and this is in
trace amounts (Table 1). Gibbsite and kaolinite wereastmonly found within pore space,

but they forned less thorough linings than the Mn-oxides (Fig).2&horthite concentrations

were very low, with large uncertainties.
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Fe(ll)-(hydr)oxides, kaolinite and gibbsite all increasenir~35 mm inboard of the fracture

surface (Fig. 4F, 4G and 4H), with a sharp increase #8mmm in the case of kaolinite and

Fe(lll)-(hydr)oxides and ~6 mm for gibbsite. The sharpaase in kaolinite at ~8 mm from

the fracture surface is coincident with losses of Manfalbite increasing at the same point
(Fig. 5D). BSE images show the presence of pitting wittbiieagrains (Fig. 2D).

3.3 Major element profiles

The calculations of volumetric strain (Fig. )Sduggest that Si, Al and Ti are largely
conserved (immobile) within the weathering profile. Howeveremvhwas calculated for Si
and Al, with Ti as the immobile (Fig. S8A), they both sko\slight relative losses compared
to parent material. Conversely, whemvas calculated for Ti with either Al or Si immobile
(Fig. S8B and S8C), Ti shas enrichment. Therefore, Ti is likely more immobile than Al
and Si in the Bisley bedrock weathering profile.

The bulk elemental concentrations were measured byQE8-to support the elemental X-
ray mapping data, and the values agree remarkably well @-&sd 6A-D). However, due to
the larger uncertainties associated with the ICP-OES§, de¢ used the elemental X-ray

mapping data for all calculations-and data analysis.

Calculations of the mass transfer coefficient usingej) (Eq. 2, presented in Figs. 5 and 6)
were used to determine the depth at which depletion beginsadbr edement. From these
depths, the order of cation mobility from the parent ni@tehrough the weathered rind, and
to the fracture surfaceas determined as: Ca#g>Na~Si~Al, with Fe conserved within the
rind. Due to the high uncertainty associated with the loanil S concentrations and their
heterogeneous distribution,vitas not possible to make meaningful interpretations froair th
profiles and they are therefore not presented. Thea suisstantial lossvas shown by Ca,

beginning at ~50mm, where 30% of the elemeas lost over 15mm (Fig. 5B) with a final
loss of 60% over the final 10 mm, resulting in a total depiedf ~ 90% for CaTrica = -

0.90). There is no significant loss of Mg within the weatigeprofile, until the shallowest
~20 mm where a gradual loss up to the fracture surface teta®o CTrimg = -0.45) (Fig.

5C). Na, Si and Al all display a similar trend of conservativeawtr over the majority of

the profile until the visible rind0-6 mm from the fracture surface) where they reflestéds
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of ~60 % (CTi,Na = -0.57), ~45 %ﬂ(Ti,Si = -0.47) and ~40% ~60 O/(Tﬁ,,m = -0.47),

respectivelyThese losses correspond to losses of albite, which ocawegdhe same depth
(Fig. 3B).

3.4 Porosity development and density changes

Porosity (@) remains close to zero from 56.5 mm (the sample furthbetard of the fracture
surface) to roughly 40 mm from the fracture surface (Fig.Af)this point it gradually
increases by ~2-3 vol% until <10 mm from the fracture sunfdoere a significant increase
in porosity was observed across the weathering frontraodhe rind. A maximun® of 15.0

+ 3 vol% was reached within the rind. This porosity is tAme within uncertainty as the
neutron scattering porosity of 8 £ 4 vol% measured on tla¢heeed Bisley rock (Buss et,al.
2013)

Rock density was calculated using mineral density values tatenthe literature (Table ]1)
and mineral volumes observed using X-ray phase analysis.tpeastulated in this way
yielded a value of 2.9 gm? for the parent material and 2.2cgn® for the rind material
compared with a bedrock density of 2.3 gtas measured by volume displacement (Buss et
al., 2017). When normalized to the parent material dengty, little changevas noted in the
weathered material density across the profile (Fig. 7o the weathering rind, where the

density ratio increased to ~1.24.

3.5 Oxidation within pores

The oxidation state of Fe anunweathered pyrite grain at ~55 mm from the fracture syrfac
is +2 (Fig. 8A), as expected. The oxidation state ofnRde surrounding weathered chlorite
grain is +3. There is also no definitive sign of Feemébn within pores. Sulfur within the
pyrite has an oxidation state of -2 (Fig. 8B), as expgeatéth no other minerals in the map
boundaries bearing any sulfur. X-ray phase analysis indidhgg there is sulfur within the
pore space (Fig. 2E) in association with secondary m#eteh as kaolinite and gibbsite;
UXRF indicated that this is oxidized sulfur (+6).
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3.6 U-Th mobility and activity ratios

The unaltered parent material has U and Th conceomteatf 0.83 ppm and 1.26 ppm,
respectively (Table 2). The U concentration is comparablarévious work on a landslide-
exposed outcrop of Bisley bedrock (Dosseto et al., 2012) whénea$h concentration
reported here is higher. Th is conserved throughout thielep(&ig. 6E), relative to the

immobile component (Ti)However, thety;m, profile displays two outliers at 10.5 mm and

13.5 mm from the fracture surface, which contain anons@fohnigh concentrations ofh
relative to the parent material. We found that U isseoved throughout most of the profile,
except for a slight enrichment of ~5% at ~20 mm from thetire surface and a loss over the
visible rind of ~8-9% (Fig. 6F).

If the hydrothermal activity that occurred in the area ~60(&nith et al., 1998) altered the
U-series activity ratios, sufficient time has passetl3>Myr) for secular equilibrium to be
reached. Values of{U/**®) are significantly greater than 1 across the enticgtyhe
transect (Table 2 and Fig. 9A), with an increase towaedritid compared to the deeper 7
samples. The furthest sample inboard of the fractufacgi(46.5 mm) also shows higher
activity ratios, similar to the rind. Starting from s@to secular equilibrium at the furthest
sample inboard of the fracture surface, tHerf/>*%U) ratios (Table 2 and Fig. 9B) show an
increase >1 with decreasing distance from the fractufacgurSamples at 16.5 mm and 4.5
mm from the fracture surface are exceptions to thidy watlues slightly less than An
outlier exists with a?f°Th/”*®) ratio of 1.097 at 10.5 mm inboard of the fracture surface
which also shows an increase of 50% in then profile, relative to the parent material (Fig.
6E).

3.7 Weathering advance rate at the rind scale

The U-Th nuclide loss/gain model provided weathering expogige across the weathering
profile (Table 3), with the outermost rind sample havingeathering age of ~3.2 kyThe
mean weathering age of the profile is 1264 years. Using tla meathering age, the
transect length (46.5 mm) and Eq. 10, a WART 37 + 2 mm kyt* was derived. No
volumetric correction was required as isovolumetric thexang was assumed, which was
reasonable because the volumetric strain values weex zero (Fig.S4 and SEM
observations indicated retention of the original minstalctures within the rind (Fig. 2G).

The model yielded azks/ko3g ratio of 0.88.
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3.7 Mineral-specific weathering rates

Here we present mineral-specific dissolution rates (Eq.abjes 1 and 4) for the notable
primary minerals excluding quartz (which is conserved), using dlwellated WARn (EQ.
10) as a time constraint and the gradients as showngin1bi Mineral gradients were
calculated over the distance where each mineral showsymoed losses, which for all
minerals spans the visible rind and extends several mmdespebserved in the normalized
mineral profiles (Fig. 10). We also calculated additioneéper gradients for the early stage
dissolution of both chlorite and pyroxene (Fig. 10D-E)}haugh albite and epidote show
variation in their gradients inboard of the rind, SEMs@vations indicate that these result
primarily from heterogeneities within the rock, not wesitige and have therefore not been
included in the calculation of the gradients for thegeerals.

We calculated a pyrite dissolution rate (Eq. 5) ofxl1®* + 2.4 x 10" mol m? s* (log =
-11.8) from the only clear gradient, which spans the visilyid, although evidence for
dissolution of pyrite is apparent in SEM and pXRF mapthéurinboard of the fracture (55
mm; Fig. 10). The dissolution rate determined for pyroXeme the deepest gradient (~50-
60 mm inboard of the fracture surface), is 6.9 **192.3 x 10" mol m? s* (log , = -12.2).
Across the visible rind, the dissolution rate of pyoe was calculated as 1.5 x'@ 4.8x
10™° mol m? s* (log 1= -11.8), we derived dissolution rates for chlorite of100%+ 1.3

x 10*° mol mi? s* (log = -13.9) from the deepest gradient (~40-50 mm inboard of the
fracture surface) and 2.9 x 10+ 3.8 x 10'® mol m? s* (log r,» = -13.5) from the gradient
that spans the weathering rind, Albite and epidote bligso rates of 1.1 x 16 + 2.9 x 10"
mol m? s'(log f, = -12.0) and 4.3 x I& + 1.4 x 10" mol m? s* (log r, = -12.4),

respectively, were calculated across the rind.

3.8 Weathering advance rate at the watershed scale

Using the stream chemistry data in Table S1 plus Eq. 11 andel@lculated a WARtershed
of 39 + 9 mm kyi* following the method of Gaillardet et al. (2011). From thean
chemistry data (Table S1) and using Eq. 13 or 14, thed@@sumption rate (CDCR) for the
Bisley watershed was calculated to be ~ 1029%¢1820 x 16 mol kmi? yr™.
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4. DISCUSSION
4.1 Weathering reactions

The albite-epidote hornfels bedrock of the Bisley wakenlsveathers at a rate of 37 £ 2 mm
kyr with between 40-90% of each cation lost over the matesurofile. The first mineral to
weather is pyrite via oxidation, followed by pyroxene > dtdo> anorthite >llite ~ apatite >
albite ~ epidote The order of mineral dissolution given in Section 3.2 dodsfaiow the
order predicted by the Goldich dissolution series, suggestiigthie system cannot be
described simply by mineral crystal stability alone. The atidash of Fe(ll)-bearing minerals
has previously been identified as the incipient weathemagtion in other lithologies in
different watersheds, including the adjacent granitic ishesl of Rio Icacos (Buss et al.,
2008) and other granitic watersheds in Virginia, USA (Bazilevsketyal., 2015) and
California, USA (Goodfellow et al., 2016); the Susquehanna Shale 84O in central
Pennsylvania, USA (Brantley et al., 2013); and a charnogiitfile in Sri Lanka (Behrens
et al., 2015). Pyrite oxidation as the incipient reachias also previously been proposed for
the Bisley bedrock (Buss et al., 2013) and is demonstratedblyeevidence of S oxidation
within pores (Fig. 8B).

Although losses in pyrite content between 60-50 mm fronirétwture surface are within the
variability of the parent material, SEM-BSE imaging gtFRF and H) suggest that the
dissolution of pyrite is the first weathering react{@mrthest inboard of the fracture surface).
In areas of early-stage pyrite dissolution identified bMSESE, uXRF maps (Fig. 8) show

that pyrite dissolution occurs with oxidation of 8onsistent with sulfuric acid production.
Following the dissolution of pyrite, pyroxene and ch®ritissolve earlier than albite and
epidote (Fig. 3B-E). The earlier onset of pyroxene dndrite dissolution could be due to
several reasons: i) pore water is more undersaturatbdregpect to pyroxene and chlorite
than to epidote and albite; ii) pyrite occurrences (which dissdirst creating incipient

porosity that allows greater access of reactive $luidre more closely associated with
pyroxene and chloriteand iii) the products of oxidative pyrite dissolution actabalyze the

dissolution of pyroxene and chlorite.

As the elements contained within epidote are also prasectlorite and pyroxene, it is
unlikely that the saturation state of the pore water wipeet to pyroxene and chlorite

would be appreciably different to the saturation state wgpeet to epidote. It is possible
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that pyroxene is more accessible following pyrite diggmn due to its higher correlation
with pyrite abundance % 0.57, p <0.01, Fig. 9, however albite also shows a modenatel
high correlation(r= 0.47, p <0.01, Fig. S9C); epidote content is not well tated with
pyrite (P= 0.19, p >0.01, Fig. $9 and chlorite shows the least correlatiofr(D.12,p
>0.01, Fig. S9A), suggesting this is not the primary causéhéoerarlier onset of pyroxene
and chlorite dissolution. Finally, there is evidence of axéadissolution of pyrite from
MXRF analysis of S oxidation states within a pyrite graid pore space (Fig. 8B). Pyrite
dissolution in the presence of oxygen generates acldy $1), which would create a low-
pH microenvironment on a mineral grain scale. It is possiitaeferrous iron liberated in this
reaction would then oxidize to ferric iron, which colien catalyze further pyrite dissolution
and sulfur oxidation. However, from the uXRF data (Fi§§) &here is no evidence that ¥e
is retained within pores to catalyze the reaction. REgss of whether or ndte€’* acts as a
catalyst, the oxidation of pyrite still produce$, iHromoting dissolution of other minerals in
the vicinity of pyrite grains, consistent with our oh&gions in the Bisley rock (e.g., FigF2
and H).

Once minerals surrounding a pyrite grain have dissolved i@adecl pore space, the second
possibility for earlier dissolution of pyroxene and chriwhere reactive fluids are better
able to penetrate the rock, could become important. éstage mechanism such as this is
reflected in ther profile for Ca (Fig. 5B) where there is an initial lassch further inboard

than the loss over the visible rindnorthite dissolution may also contribute to the initial
increase in porosity between 40-30 mm (Fig. 8); however, rtiagority of porosity

development occurs in the visible rind (increase of a8t over the outer 6 mm), several

cm distant from where anorthite dissolution was comglete

Pyroxene near pyrite grains is observed to dissolve de@eg. 2H), and the pyroxene and
pyrite abundances show the highest correlatids (.57, Fig. S9B). Therefore, initial
pyroxene dissolution is expected to occur largely viacattby sulfuric acid (Eg. 32
produced by the oxidative dissolution of pyrite, as obseinweEM-BSE imaging and EDS
analysis Closer to the rind, as the supply of pyrite dwindles, gbrosity increases, and fresh
reactive fluids are better able to penetrate, it ishlikkat the dissolution of pyroxerwill
proceed at a higher pH via protons sourced dominantly fronociaracid (Eq. S3) present in

the infiltrating fluids.
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Chlorite is the next mineral to dissolve, at a similar depth todkielation of pyrite, the
dissolution of pyroxene, and formation of kaolinite adsserved by SEM (Fig. 2C). Both
albite and epidote abundances show a higher correlatibnpyaitte than chlorite does with
pyrite (7 = 0.47, 0.19 and 0.12, respectively; Fig. S9), suggesting thatyinotzbe close
association with pyrite that is the critical factor, but the mineral’s susceptibility to sulfuric
acid promoted dissolution. The depth of the chlorite weetdpdront is in fact concurrent
with the depth of pyrite oxidation and the susceptibilitglibrite to attack via sulfuric acid,
following the oxidation of trace pyrite, has previously beeported within the Marcellus
shale, USA (Heidari et al., 2017). Thus, we propose that chidissolves via analogous
reaction mechanisms to those described for pyrgxeuHuric acid- or carbonic acid-
promoted dissolution (Eq. S4 and Eq. S5, respectively) wéhstibsequent production of
kaolinite. Both albite and epidote dissolve primarily otlee rind where the carbonic acid
reaction mechanism dominates (Eq. S6 and Eq. S7, resggcti

As mentioned in Section 3.2, pore space is frequembdliwith Mn-oxide precipitates
between 48 mm and 10 mm from the fracture surface. The stiaktdnO, accumulations
lining the pores (Fig 2Bmay lower the total reactivity of the rock, slowing WéAR by
denying infiltrating fluids access to fresh primary minerals)-dkides are also effective
scavengers of metals, acting to retain dissolved ratwithin pores via adsorption (e.g.,
Peacock et al.,, 2012; Taylor and McKenzie, 1966; Vuorinen aartsdh, 1985) In the
Bisley rocks, inhibition of weathering by Mn-oxides would wconly from 40— 10 mm
distance from the fracture surface (Fidgz)4where at 10 mm Mn@is removed from the

pores, likely due to increased fluid flux in the advectiominated rind.

From the evidence abovier a two-stage weathering mechanism: first by reaction with
sulfuric acid in the fresh rock, followed by reaction watirbonic acid in the rind, it is likely
that the initial reaction of pyrite oxidation controe onset of chemical weathering. In turn,
the dissolution of pyriten the Bisley bedrock is regulated by the concentratibraro
oxidizing reactant such as,@Buss et aJ.2013; 2017), therefore the diffusion rate of oxygen
into the bedrock is likely the rate-limiting stdppore water oxygen concentration is the rate-
limiting factor, this could regulate a steady-state weatbeprofile at the regolith scale.
Because @concentration decreases with depth in the Bisley itbg@heasured at a nearby
site; Buss et al.,, 2017), then as the WAR increases andetplith thickens, the O
concentration at the bedrock-regolith interface deeseasn turn, the decreased; O
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concentration causes the WAR to slow, allowing surfaaesion to thin the regolith and
increase @ at the bedrockegolith interface again (Fletcher et al., 2006). The tipiel

mechanisms described above (i.e., oxidative weatheringyrdé and weathering of other
minerals by both sulfuric and carbonic gcstiggests that the Bisley bedrock has at least two
weathering fronts. These weathering fronts likely proga¢sifferent rates and therefore the

WARing calculated here would reflect an average.

4.2 Comparison of mineral-specific weathering rates

Field-measured mineral dissolution rates are not simplytikhgentrolled rates as are many
laboratory determined rates, instead they reflect aitomldt of variables, including the
saturation index of reactive fluids with respect to thearal of interest (e.g., Zhu et al.,
2004), past climatic conditions (e.g., Nagarajan et al., 20/k4yjng redox conditions (e.g.,
Fletcher et al., 2006), microbial activity (e.g., Baloghxistad et al., 2008) and the
accessibility of the mineral within the rock to reactilgids (e.g., Navarre-Sitchler et al.,
2009). The accessibility of the mineral, in turn, depends oltipleucontrols including the

dissolution rate of neighboring minerals (to create popnoand the degree to which the
resulting pores are then lined with secondary phases, sudmoénite and Mn-oxides. Most
of the weathering observed in thin sections was physicallycésa@dble to microorganisms
(too small or disconnected pore space), although microbialitacin overlying regolith

likely affects the reactivity of the pore fluids infiltragj the rock (e.g., by producing @O

consuming @ oxidizing Fe(ll) or other redox active elements).

The complex nature of natural dissolution rates is higtémhn this study by the case of
pyrite. Buss et al. (2013) previously proposed that the foomati the entire critical zone of
the Bisley watershed is controlled by rind formation, Whic turn is controlled by pyrite
dissolution. This dissolution rate (log, £ -11.8, Fig. 1) is several orders of magnitude
slower than laboratory determined rates (lag F4.55, Fig. 11)Faster laboratory rates could
be due to various issues such as pre-experimental cleaningspashigher surface area and
higher water:mineral ratios that exist in laboratory eixpents compared to field settings
(White and Brantley, 2003)The calculated pyrite dissolution rate presented hese al
matches a previously determined field dissolution rate foitepylog r, = -11.7, Fig. 11)

Espafia et al. (2007) found that laboratory oxidation ratee@f) in pyrite (106° to 10 mol
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L s) were 2-3 orders of magnitude slower than field determinedIdign rates (18 to
10" mol L™ s1), due to the influence of microbial oxidation on the fieddes; this is the
inverse of the field-laboratory discrepancy typically eroed for silicate dissolution rates
However, microbial activity in the field will depend on tbtemmunity present and factors
including temperature, pH and nutrient availability. Indeed, Chapgtaal. (2017) found that
biotic oxidation had only a minor contribution in field-settings, concludingattipyrite
oxidation rates are surface area dependent, a relapooten assumed to be linear (Lowson,
1982). The relationship between pyrite dissolution rated mineral surface area is
complicated by the non-uniform attack of oxidants (Biemms$iaan, 1991), which occurs at
sites of high excess surface energy (e.g., etchgetfects and grain edgellcKibben and
Barnes, 1986)Pyrite oxidation can also vary with grain-size (Gartnaawl Luther, 2014)
whereby duringa later stage of oxidation, electron shuttling occurs adiwessnixed valence
oxide coating of smaller grains; larger particles fornoaygen-limiting, armor coating. Most
studies do not account for this when crushing large graiegamine the oxidation of small
grains (Gartman and Luther, 2014). The slower than expected ioridate of smaller
particles, could explain why the pyrite dissolution fateBisley grains (~ 14 um) is several

orders of magnitude slower than lab-determined dissoluii@s.

The initial dissolution rate of pyroxene (log ¥ -12.2, Table 4) and the dissolution rate over
the rind (log k = -11.8) are both more than an order of magnitude faster pfieoxene
dissolution rates previously determined within a basalinfemother tropical catchment in
Parand, Brazil (Fig. 11). The pyroxene dissolution raresented here agree well with the

experimental rates reported in Palandri and Kharaka (6@1)11) for near neutral pH.

The dissolution rate derived for chlorite over the \weehg rind (log  =-13.5, Table 4, Eq.
S5) is similar to that calculated in the deep regolitthsf watershed (logr=-13.1; Fig. 11)
and those experimentally-determined (lgg=r-12.52; Fig. 11). Buss et al. (2017) used Mg
fluxes to estimate chlorite dissolution rates for theldi watershed, assuming congruent
dissolution. Therefore, the slight discrepancy betwéeir faster dissolution rates and the
one calculated here based on direct observationhtfriie abundances, may indicate
incongruent weathering of chlorite with preferential lo§sMg occurring during the earlier
stages. In addition, the high porosity of the rego® ¥ol%; Buss et al., 2017) compared to
the rinds (15 vol%) and non-rind rocks (0.5 vol%) allowtdyeaccess of reactive fluids to
the weathering minerals. Furthermore, the molecular aresim of chlorite dissolution may
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also lead to faster regolith chlorite weathering. Lowsbale(2007) describes clusters of
partially hydrolyzed silica tetrahedra remaining on chlonitdages following initial proton
attack of the Al tetrahedral sites during dissolution. Taee-defining step of chlorite
dissolution is the conversion of these hydrolyzed siipacies (via a precursor) into an
agueous silica species (Lowson et al., 200hgrefore, the chlorite dissolution rate will be
controlled by the concentration of aqueous Si in porawatkich may be more diluten
regolith than in rinds due to faster water flow.

Both the pyroxene and chlorite dissolution rates catedl| here in the presence of sulfuric
acid are slower than those rates calculated foraheesninerals in the presence of carbonic
acid (Fig. 11; Table 4, Eq. S25). Contrary to this observation, chlorite has previouslgrb
modeled to weather faster in association with sulfurid ghan carbonic acid within a shale
bedrock (Heidari et al., 2017). However, the mineral disewlutates presented here would
be controlled by the supply of sulfuric acid, which is limitedtfxy oxidative dissolution rate
of pyrite. The oxidative dissolution rate of pyritetims study is several orders of magnitude
slower than those previously determined in the literature, stiggdsat this rate is also
supply-limited,consistent with the low abundance of pyrite as well ashgpothesis that the
diffusion of oxygen into the bedrock is the rate-limitirtgps in weathering of the Bisley
bedrock.

The plagioclase (albite) dissolution rate calculdteck (log f =-12.0, Fig. 11, Table 4, Eq.
S6) is an order of magnitude faster than that calculatepldgioclase (50:50 albite:anorthite)
in the neighboring granitic watershed (log # -13.0; Buss et al., 2008)Our albite
dissolution rate agrees well with lab determined rates (Aiy.Our field-determined epidote
dissolution rate (logr=-12.4, Fig. 11, Table 4, Eqg. S7) is faster than experimeatizs log
rm = -14.9 and -16.20; Sverdrup, 1990; Kalinowski et al., 1998, respectiadgpite a
similar pH range (lab: 5.5 to 4.5, Bisley regolith porewatet:to 5.7 Buss et al., 2017).

The low pH of the Bisley regolith porewater (4.7; Bussl.et2817), and the high dissolution
rates reported here, may reflect the low pH microenvirohrperduced by the oxidative
dissolution of pyrite. The pH necessary to produce treotlison rates here can be estimated
by rearranging e pH dependent linear rate equation presented by Palandri andk&hara
(2004). All of the minerals except pyrite and pyroxene waaglire a pH of 4.6-5.6 (Table
S2), agreeing well with the measured pH of the Bisley poeswa&he higher pH required for

32



pyrite (pH = 8.6) is unsurprising as its dissolution is indeleat of pH and would be
controlled instead by the concentration of oxidants. HoweVes would not explain the
higher pH required to dissolve pyroxene both initially (pH = &g over the rind (pH =
7.1). It is more likely thaeachminerals dissolution rate varies due to more paramdiars t
just pH dependence.

The much higher mineral dissolution rates calculated, loemmpared to other published field-
calculated dissolution rates from other locations m@we surprising, considering that the
tropical temperatures and abundant rainfall in the Luqudiaforest make fast dissolution
rates thermodynamically favorable. As a result, a lgmggortion of the primary minerals
(~80% pyroxene, ~50% albite, ~40% epidote and ~30% chlorite) str@ver only several
mm’s of weathering rinds. The precise balance of transport mechanisms (betwetisidif
and advection) are uncertain in the Bisley bedrock, kewes such thin reaction fronts are
considered diagnostic of a diffusion dominated transpastesy (Lebedeva and Brantley,
2013; Ma et al., 2011; Navarre-Sitchler et al., 2009; 2011; 2013), wmeagktifusion is the
primary mode of transport in the rindSield-calculated mineral dissolution rates that match
or exceed laboratory dissolution rates are rarely obdemstead mineral dissolution rates
determined in the field are usually 2-5 orders of magnitudseslthan those determined in
the laboratory (e.g., White and Brantley, 2003). Slowed {ezliculated dissolution rates have
previously been ascribed to the presence or absence of®egaas (Drever and Stillings,
1997; Lawrence et al., 2014); armoring of mineral surfaces (Nugjeait, 1998); physical
erosion of weathered material influencing interpretatigBtuth and Kump, 1994) or
supersaturation of the pore fluid due to slow precipitatibsecondary minerals (e.g., Zhu et
al., 2004). If the discrepancy between lab and field tlisso rates is an issue of fluid
saturation (and therefore describes a transport-limitst sy, then fluid residence time may
be the rate-limiting step (Maher, 2010). Alternatively, logaain-scale roughness may
provide the main control on dissolution rates in weatheatimds (Sak et al., 2010). However,
roughness is dependent upon the measuring resolution staleeof interest and as such, the
grain-scale surface area is difficult to estimate field systems (Navarre-Sitchler et al.,
2011), necessitating a fractal dimension to calculate pppte surface areas (Navarre-
Sitchler and Brantley, 2007)

The mineral dissolution rates presented here, which conwettgelab-determined rates,
demonstrate the importance of the spatial scale of sinalgalculating mineral dissolution
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rates only over the mm-scale at which they occur i) avaidderestimation of dissolution
rates by over-scaling (i.e., averaging over meterslomkiers); ii) minimizes the effects of
other Earth surface processes such as physical erasiborganic acid production, as the
thick Bisley regolith likely decouples many deep and surfacegsses (e.g., Buss et al.,
2013; 2017); iii) circumvents temporal scaling issues associthdexposure time, such as
armoring of mineral surfaces, as the dissolution rateaiculated at the weathering front
where mineral surfaces are still fresh; and iv) allowsmadization to-the dissolving

mineral’s surface area in a similar fashion to laboratory calculatgdsr It is therefore

expected that by accounting for spatial and temporal scadisges, field calculated

dissolution rates should be simitarthose calculated in laboratory studies.

4.3 Uranium-series isotope behavior across the weathering profile aritie weathering
advance rate across the rinds (WARq)

U/Th isotope disequilibria data was gathered in this study to nweksthering ages of the
rock and calculate a WAR4, which was used to determine the mineral-specific dissolution
rates, and to compare to WAR calculated at the waterstadel. sAnalysis of the U and Th
isotope ratios within the weathering profile not only enabled tmfeof chemical
weathering ages, but also revealed insights into thevimehaf these isotopes during

weathering rind development.

Activity ratios of €3°Th/%®U) are ~1 (i.e., secular equilibrijrthroughout most of the profile
suggesting no net loss or gain B¥U or Z°Th (Fig. 9B). However, within the top of the
profile *°Th/?%J 1, reflecting greater mobility. This is consistent with the try profile,
which shows losses over the visible rind (Fig. 6F) andtthen profile (Fig. 6E), which
shows Th to be conserved. Aff{U/?%%U) activity ratios throughout the sampled profile are
>1, suggesting a gain 61U (Fig. 9A). These observations can all be reconciled if theegys
is not simply described by U loss, but with U addition as ,wefiere an overall loss of U
occurs (as evidenced hyriy profile), but there is an addition 61U relative t0?**U, as
evidenced by the increased®U/?%%) ratios (Fig. 9A and Table 2), whilst®Th is

conserved, as evidenced by tF&°Th/”*®U) profile (Fig. 9B and Table 2) and therit

profile (Fig. 6E). The outlier at 10.5 mm depth, displayingearichment of Th of ~50% in
the 1 1 profile (Fig. 6E), and the highest{Th/”%U) activity ratio in the profile (Fig.
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and Table 2), may reflect an infiltration of Th-rich hydwertmal fluids associated with the
intrusion of the Rio Blanco stock intrusion near thalgtsite.

It is likely there would be a greater addition’d%U than*®U from an external source, as it is
a more soluble nuclideAt greater depths than the visible rind, fluid circudatithrough
micro-fractures may have aeld®*“U to the systemwithout sufficient weathering to liberate
U from the minerals. A more likely explanation is thateaching has occurred concurrently
to 2**U addition, but to a lesser extent. Sheng and Kuroda (1986) subges phase may
eject?®!U into a less soluble phase as a result of alpha rebeih when it is preferentially
dissolved over the less soluble phase, system’s (***U/?%%U) would be >1. All of these
possibilities imply that mineral-water interaction hasuwuoed throughout the entirety of this
profile. The interpretation of weathering throughout thedties sampled profile is supported
to some degree by the CIA andorofiles (Fig. 5 and 6), both of which track weathering
deeper into the rock than the U-series profiles. Ountatled average WARq of 37 £ 2mm
kyr* (Eq. 10) is two orders of magnitude faster than thoseileddm for basalt weathering
rinds in other tropical locations (e.g., Ma et al., 20R2Jt et al., 2008) and an order of
magnitude slower than for andesites calculated on a \watkiscale (Rad et al., 2013). To
our knowledge, there are no other weathering advance rataadesitic rinds in the tropics

in the literature.
4.4 Weathering advance rates across multiple scales

The WARaersneccalculated here of 39 + 9 mm Kyis within error of the calculated WAR

of 37 + 2 mm kyt. The agreement in WAR between the rind and watershedsdtadethree
key implications: Firstly, weathering solute fluxes bé tBisley 1 stream are dominated by
weathering along bedrock fractures. This observationppated by A) Chapela Lara et al.
(2017), who estimated that during base flow, 84% of the Mg disdalvthe Bisley 1 stream
originates from the dissolution of bedrock chlorite; &)dchellekens et al. (2004) who find
that after heavy rainfall there is a rapid streamflowposise in the watershed that is
dominated by fast, near-surface flow paths, highlighting titerdonnectivity between
bedrock fractures and the streafhe second implication is that the WAR across the whole
watershed is constant, from the watershed scale (6°Y down to the rind scale (<5 mm),
supporting Hynek et al. (2017), who found that regularly distetthdtactures in the Bisley

bedrock promotes relatively homogenous weathering ratessatine watershed. The third
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and most intriguing implication relates to the diffema timescale between WAR and
WARVatershed The WARyatershediS Calculated from dissolved ions for the momentinme at
which sampling took place (here from 2000-2010), thus recordengdhtempony WAR,
whereas the bedrock weathering profile took a maximum of 8.3 kyr to form, recording a
longer-term, average WAR. For both the WiaR shes@Nd WAR;ng to return roughly equal
values suggests that the watershed has been in a weattkaaty-state for at least the
maximum exposure age recorded (4.2 = 0.3 kyr).

The weathering advance rate for the regolith (W4Jrr) of the Bisley catchment calculated
by Dosseto et al. (2012) at site B1R (Fig. 1), is 334 + 46 mm, loalculated over ~16 m.
The WARegith (M-scale) represents an intermediate spatial scale betlWve@WARatershed
(km-scale) and WAR4 (mm-scale), however the regolith has been exposed tavesfluids
for 60 kyr (Dosseto et al., 2013 longer period of time than the bedrock fractures and,rinds
and thus also represerda® older record of weathering. A WAguin that is an order of
magnitude faster than the calculated WARshedand WARiq suggests that weathering
occurred at a much faster rate in the Bisley 1 waterghiedto the oldest rind exposure age
of 4.2 kyr. Previous paleoclimatic work suggests that thebBaain was wetter and warmer
during the mid-Holocene (~6-5 kyr) than the present day (Hetal., 1991; Mayewski et
al., 2004), which would encourage a faster WAR. Another posgiislithat the weathering
processes within the bedrock (represented by WARND WARaershed are spatially

decoupled as well as temporally from the weathering procestethe regolith.

To place the chemical weathering in the Bisley watershed gtolaal context, we also
estimated. its current effect on the global carbariecipy calculating £0, consumption rate
(CDCR) of ~ 1029 x 16 + 320 x 16 mol km? yr* from stream water chemistry (Eq. 14).
This rate is comparable to others calculated for Caribheatersheds, such as those on
Guadeloupe, with a median of ~1300 x fiol kmi? yr* (Gaillardet et al., 2011) and on
Dominica, with a range of 500 to 1500 x*1®ol kmi? yr' (Goldsmith et al., 2010). If
streams from tropical watersheds are compared to CDGRs/a@hlculated by Gaillardet et
al. (1999) of major rivers in temperate latitudes such as 28&m? yr* (Seine) and 542
mol kmi? yr* (Rhine), it is evident that weathering in small tropicalesstieds represents a

significant component of the global carbon cycle.
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5. Conclusions

The meta-volcaniclastic, albite-epidote hornfels bedrockhe Bisley watershed weathers
rapidly along deep subsurface fractures with the vastritya@f primary minerals lost over

severalmm’s within the weathering rinds that form along fracture sig$a The rate of

primary mineral dissolution is accelerated via the disewlubf accessory pyrite, lowering
the pH of porewater within the rock, despite pyrite only cosipy ~0.5 vol% of the parent

material. Pyroxene and chlorite are particularly suskkepto this reaction, dissolving in the
presence of sulfuric acid at rates of lag=-14.0 and -12.2 mol ts?, respectively. Then

pyroxene and chlorite dissolve within the rind in the pneseof carbonic acid at rates of log
m = -11.8 and -13.5 mol ts?, respectively. Albite and epidote also dissolve moreilgead
within the rind in the presence of carbonic acid, at raftésg r, = -12.0 and -12.4 mol ths

! respectively.

The WARatershed Which records contemporary weathering rates, and \WARhich records
kyr-averaged weathering rates, are within error of each ¢8%t 9 mm kyi* and 37 + 2
mm kyr?, respectively). The similarity in"WAR calculated on thadiffering spatial and
temporal scales suggests that the Bisley watershed basngathering in steady-state for a
minimum of ~4.2 + 0.3 y. However, the WARoiith IS much faster (334 £ 46 mm Ky
than the WAR.4, reflecting faster weathering before the time periodomded by the
WARing.

The majority of mineral dissolution rates presented withis study are several orders of
magnitude faster than field-determined rates previously regant the literature and some
match or are even faster than laboratory determinesbldison rates. This study calculates
field-determined mineral dissolution rates only over thetherang front at which they occur
(mm-scale in this study) avoiding issues relating to oveali¥sy (to a m-scale or km-scale),
mineral exposure time (ageing of mineral surfaces) and suaf@ze normalization; all of
which have previously been suggested to slow mineral dissoluties. remploying this
method minimizes, and in some cases overcomes, tha-ldiebratory discrepancy in

dissolution rates, suggesting that scale is a key fact@iculating mineral dissolution rates.

The mineral grain-scale mechanisms that drive weatheritiginvihe Bisley watershed,
coupled with the insights gleaned from observing the system with various sized ‘rulers’ and

‘watches’, acts to highlight the need for further weathering studiedd conducted on
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multiple scales (both temporally and spatially), espgc@il a mineral grain scale, which is
only infrequently doneApproaching systems in this manner may solve the fieldrédbry
discrepancies in mineral dissolution rates by accountingsdafing issues. It would also
strengthen the justifications of scaling up weathering ratesabpand also over long time-
scales when modeling past, present, and future globalrcayiting.
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Table 1 Mineralogy of unweathered bedrock and mineralogy of weatherednd in B1W1 sample.

Mineral
Abundance of Diameter Abundance of specific
mineral in of mineral mineral in density
Mineral parent rock?® (D)° weathered rind® Pm) Mineral Formula ©
vol% pm vol% (g cm®)
Albite 35.2+0.7 126 + 15 11.8+0.7 2.6° (N2o.94Cb.02F€ 0.0, Mo 09)[Si2 967l 10107 07
Chlorite 17.2+0.7 14¢ 12 +1 3.¢ (M50 Cab 57,MNg 05 FE 3 47, FE€70 32, Al 6)[(Sis 95 Al 2,09 02 OH16
Epidote 14+2 314 47+07 3.4 Cap.11F€"0.57Al 2.23513.1101(OH)
Quartz 11.0+0.9 3+1 11+1 2.7 SIC;
Pyroxene 7+1 74 +£8 0.0+0.3 3.£ (FE€%0.0aM0o.17,Cab.78 N& 02 (Tio.01Al 0.04 FE€0. 04, F€ *0.14MJo0.74) (Si1 88 Al 0.1 Og
Ilite 5+2 0.9+£0.7 2.8
Anorthite 4.4+0.7 0.0+0.0 2.8
Sphene 2.6+0.9 3.1+0.6 35
Pyrite 0.5+0.2 14 +2 0.0+0.0 5.0 FeS
Porosity 0.9+0.7 22+3 0.0
Kaolinite 04+04 202 2.7
Apatite 0.4+0.2 0.0+£0.0 3.7
Mn-oxide n.d? 1.4+0.8 3.0
Felll) -(hydr)oxide <0.1 11+1 4.3
Gibbsite <0.2 3+1 2.8

®Determined using X-ray phase analysis as described in S@cBduncertainties represent 1SE (nx 5
Determined by point counting as described in SectionUh8ertainties represent 1SE (n= 50).
‘Determined from microprobe analysis.

9Buss et al. (2017)

*Deer et al. (1997)

'Anthony (1997)

9not detected
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Table 2 Uranium-series measurements

Distance
from fracture

surface (mm)  Th (ppm) U (ppm) UTh  C*Urr)  CThi»)
15 227+0.00 14+000 0.617 1.027 +0.001 1.069 + 0.003
4.5 1.51+0.00 0.98+0.00 0.649 1.014 +0.001 0.985 +0.003
7.5 143+£0.00 0.9+0.00 0.629 1.023+0.001 0.999 +0.003
10.5 214001 094+0.00 0.448 1.011+0.001 1.097 +0.008
13.5 1.73+£0.00 0.93+0.00 0.538 1.016 £0.001 1.02 +0.003
16.5 1.39+0.01 0.91+0.00 0.655 1.016 +0.001 0.994 + 0.007
19.5 141+0.01 0.88+0.00 0.624 1.012+0.001 1.018 +0.01
225 1.42+0.01 0.88+0.00 0.620 1.012+0.001 1.02+0.019
36.5 1.32+0.02 0.83+0.00 0.629 1.019+0.002 1.001 +0.029
46.5 1.26 £0.02 0.83+0.00 0.659 1.021+0.001 1.008 +0.033
QLO-1 1.006 + 0.001 1.005 + 0.004
®Errors for samples and rock standard QLO-1 are internal

analytical uncertainties given at th8Rlevel.

52



Table 3. Results of nuclide loss-gain model.

Number of samples
Initial Conditions

10
Secular equilibrium

Parameter calculated value$
kozs (yr™)

K23/ Kazs

K230'Kass

f234/f238

Distance from fracture surface
1.5 mm
4.5 mm
7.5 mm
10.5 mm
13.5 mm
16.5 mm
19.5 mm
22.5mm
36.5 mm
46.5 mm

2.39x 10 +1.1 x 10
0.88 £ 0.02
6.12x 10 +9 x 10°/- 8 x 10°
0.80+0.03

Weathering age (yrf
3190 + 220
106 + 16
379 +43
4210 + 270
1184 £ 103
160 £ 20
1082 £ 96
1163 £ 102
436 + 48
728 + 72

@Uncertainty is presented as 2SE (n = 1000);
®Uncertainty is presented as 1SE (n = 1000);
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Table 4. Variables and results of mineral specific solid-statdissolution rate equation for BIW1.

Mass fraction of

mineral
in parent material Specific Weathering
Mineral (9)° surface area (S) Gradient (bs)’ [~ Log rm
(9g) (m* g*) (m kg mol) (mol m?s™)

Albite 0.31+0.03 0.1 0.026 +0.012 1.1x10% +29x10%  -12.0
Chlorite 0.17 £0.01 1.0 0.222 +0.066 29x10% +38x10° -135
Chlorite® 0.17 £0.01 1.0 0.642 +0.008 1.0x 10 +13x10° -14.0
Epidote 0.18 +0.03 0.4 0.040 + 0.004 43x10% +14x10° -124
Pyroxene 0.08 £0.01 0.2 0.057 +£0.012 1.5x10% +48x10° -11.8
Pyroxené 0.08 £0.01 0.2 0.120 +0.041 6.9x10°% +23x10° @ -12.2

Pyrite 0.01 +0.00 14 0.123 + 0.009 1.8x10% +24x10° -11.8

#Mass fractions were determined from mineral abundanakdemsities (Table 1). Errors are 1SE

® Calculated using Eq. 6 and mineral data from Table 1.

“Weathering gradients were determined from the slope afdhmalized concentration plots (Fig.)1The uncertainty of the
weathering gradient is calculated as the maximum anaghmam slope gradient from the standard error.

4r» was calculated using Eq. 5, the data in this table ahie TaErrors are 1SE and propagated fully through all calonfat

®Mineral dissolution in association with pyrite.



Figure captions

Fig. 1. Map of field site, including key lithological units withihe Luquillo Critical Zone Observatory (LCZO).
Dots represent sample locations. B1W1: Bedrock fractaneples (this study); Stream gage: Stream chemistry
data (McDowell, 2010; 2012); B1R: Regolith samples (Dosseib,2012).

Fig. 2. Back scattered electron (BSE) images of bedrock thin sectfnX-ray phase map, false color image
showing sericitization of albite (Alb) with illite (ILL,ni red). Chl = chlorite, Epi = epidote. B) Mn-oxide
precipitation in pore space. C) Kaolinite precipitation in gpace. D) Pitting of albite grain, darker grey areas
are depleted in Na. E) Pyrite grain (Pyr) associated wite ppace. Sulfur content shown in_yellow indicates
sulfur retention in pore space. F) Creation of incipient gityan association with pyrite. G) Isovolumetric
weathering of rock via preservation of mineral grain sh&aalinite (Kaol) along fracture surface (right of
picture) with Fe-oxide layer between the kaolinite andrdise of the rock. H) Dissolution of pyroxene (Pyx) in
association with pyrite.

Fig. 3. Mineral composition (vol%) of parent rock minerals A) anoethB) albite; C) chlorite; D) pyroxene; E)
epidote and F) quartz, determined via modal X-ray phase adhach data point represents an average of 5
areas 2.8 x 2.1 mm of the same distance from the feastuface. The hatched box represents the abundance in
the parent rock £ 1SE. The dotted line indicates théleigind. The greyshaded area is the uncertainty,
presented as 1SE (n=5).

Fig. 4. Mineral composition (vol%) of secondary hydrothermal altenaminerals (top row) and secondary
weathering product minerals (bottom row). A) apatite; B) sph@) pyrite; D) illite; E) Mn-oxides; F) Fe(lll)-
(hydr)oxides; G) kaolinite; H) gibbsite; determined via modal Xghgse analysis. Each data point represents
an average of 5 areas 2.8 x 2.1 mm of the same disteora the fracture surface. The hatched box represent
the abundance in the parent rock + 1SE. The dottedridieates the visible rind. The grey shaded area is the
uncertainty, presented as 1SE (n=5).

Fig. 5. A) Chemical index of alteration for the weathering peofiEg. 1). B-D)Mass transfer (1) profiles of
elements in the weathering profile, calculated usingZ-eith Ti as the immobile element. The unfilled data
points represent the ICP-OES data with the error baresenting 1SE of an internal standard, or where larger
the detection limit of the method and propagated througbaidulations. The filled data points represent the
elemental X-ray data with the grey shaded area repnegeh8E of the mean and propagated through all
calculations. The vertical dotted line in each plot regmtssthe tau value of the unweathered parent rock and the
horizontal dotted line represents the visible rind. Miiffering tau scales.

Fig. 6. A-D) Mass transfer (t) profiles for more elements in the weathering profile; the unfilled data points
represent the ICP-OES data with the error bars repirgelSE of an internal standard, or where larger the
detection limit of the method and propagated through atutations. The filled data points represent the
elemental X-ray data with the grey shaded area repnegeh8E of the mean and propagated through all
calculations. E-FMass transfer (t) profiles for U-series elements in the weathering profile. All maaasfer
coefficients are calculated using Eq. 2, with Ti as the inileollhe vertical dotted line in each plot represents
the tau value of the unweathered parent rock and the h@lizbotted line represents the visible rind. Note
differing tau scales for each plot.

Fig. 7. Top x axis: Porosity (vol %) determined via modal X-ray pteessdysis as a function of distance from
the fracture surface. Bottom x axis: density ratio (es#) calculated by dividing the density of unweathered
rock by the density of weathered rock. Rock densities dietechvia mineral densities (Table 1) and mineral
volumes (Fig. 3 and)4

Fig. 8. Micro X-ray fluorescence map (UXRF) overlaying a B&t&age, showing A) qualitative {8

and Félll) content of a pyrite grain, the neighboring mineral (6tdp and neighboring pore space

(partially filled with kaolinite and gibbsite). Cream =(H); Blue = Fe(lll); and greyscale represents no
Fe content. B) Qualitative S(VI) and S(-ll) content of a fgymgrain and neighboring pore space
(partially filled with kaolinite and gibbsite). White = 8}: Red = S(VI) and greyscale represents no S
content.
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Fig. 9. Activity ratios of U-series nuclides AF(U/**U) and B) £°Th/”*%) in the weathering profile versus
depth. The vertical dotted line represent secular equtiiband the horizontal dotted line indicates the \gsib
rind.

Fig. 10. Weathering gradients (bs) of normalized concentrationdfalbite; B: pyrite; C: epidote; D:
chlorite; E: pyroxene in the B1W1 sample calculated using E¢/ith depletions relative to the parent
material seen as decreases. All minerals show a liregat for mineral dissolution.

Fig. 11. Comparison of the mineral dissolution rateg @resented in this study (initial rate and rind
rate) with those from the literature previously calcedator both lab and field. All lab rates are from
Palandri and Kharaka (2004) and references therein. The éiedd for each mineral are as follows:
Epidote (Price et al., 2008); Albite (Buss et 2D08); Chlorite (Buss et al., 2017); Pyroxene (Benedetti
et al., 1994); Pyrite (Malmstrom et al., 2000
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