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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson Dissolution of carbonate minerals in karst aquifers has long been recognized to result from recharge of surface
water undersaturated with respect to calcite from carbonic acid produced by hydration of dissolved atmospheric
and respired CO,. However, dissolution also results from additional acids produced by reactions of redox sen-
sitive solutes in the subsurface, which may represent a source of COy to Earth's atmosphere. Because the
magnitude of dissolution by these additional acids is poorly constrained, we compare here fractions of disso-
lution from initial surface water undersaturation and subsurface redox reactions. Estimates are based on
chemical mixing and geochemical (PHREEQC) modeling of time series measurements of water compositions at a
spring vent that receives surface water during stream flooding and a stream sink-rise system in north-central
Florida. During a single spring reversal, 9.2 x 10° kg of limestone dissolved. At the stream sink-rise system,
where subsurface residence times are shorter than during the spring reversal, both limestone dissolution
(10%-10* kg) and precipitation (102-10° kg) occur as water flows through the conduits with residence times
ranging from 10 to 70 h. At both sites, maximum calcite dissolution rates of ~10 uM hr™! occurs at subsurface
residence times between 30 and 50 h. For subsurface residence time > ~20-60 h, the models indicate that
production of additional acid in the subsurface is required for ~53 + 7% of dissolution. Oxidation of organic
carbon, ammonium, pyrite, iron, and/or manganese produce sufficient acid for additional dissolution, but dis-
solved oxygen is insufficient for these reactions, indicating some acidity is generated under anerobic conditions.
Dissolution caused by subsurface reactions in our samples represents mobilization of 20 x 10*-30 x 10* kg of
CO;, via remineralization of organic carbon or carbonate dissolution by nitric and sulfuric acids. Acid produced
by subsurface redox reactions during surface water-groundwater interactions, including non-carbonic acids, are
important in conduit development and carbon cycling in the carbonate critical zone.
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1. Introduction and Williams, 2007). This point recharge has important implications for

both the availability and contamination of water resources as well as for

Dissolution of soluble minerals, mainly carbonates, in karst land-
scapes is dominated by carbonic acid (HoCOs3) generated by the hydra-
tion of dissolved atmospheric and respired COy (Gulley et al., 2016,
2020). Carbonate mineral dissolution is congruent, which creates
groundwater flow systems dominated by interconnected secondary
voids. Secondary voids can be air- or water-filled and may be sufficiently
large for human exploration. Additional features and phenomena
resulting from dissolution include dolines, limestone pavement, spe-
leothems, air-filled caves, water-filled conduits, and streams that sink
into aquifer systems, thereby providing point recharge of water under-
saturated with respect to carbonate minerals (Klimchouk, 2016; Ford
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changing the architecture of the carbonate critical zone (Covington
et al., 2023).

Acids in addition to carbonic acid, notably sulfuric and nitric acids,
also contribute to carbonate mineral dissolution (Martin, 2017; Klim-
chouk, 2016; Torres et al., 2014; Perrin et al., 2008). In catchments
impaired by acid rain and N fertilizers, sulfuric and nitric acids are
estimated to cause between 3 and 60% of carbonate weathering and
have increased carbonate weathering rates by ~20% (He et al., 2022;
Xie et al., 2021; Zhang et al., 2020; Huang et al., 2017; Li et al., 2008).
Additionally, in hypogenic karst systems, where upwelling water is
commonly enriched in reduced sulfur, sulfuric acid drives most of the
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dissolution (Jones et al., 2012, 2014, 2015; Engel et al., 2004). Thus,
hypogene dissolution is independent of surface recharge and atmo-
spheric CO, although it can form nascent conduits that evolve into
epigenic karst with interaction of surface water and groundwater (Engel
et al., 2004). Unlike hydration of dissolved atmospheric CO,, concen-
trations of additional acids in the subsurface of epigene karst systems
depend on the redox state of the groundwater, which commonly is
controlled by organic matter oxidation. However, other electron donors
and acceptors can contribute to the redox state, and potential acid for-
mation, particularly in anoxic settings.

Although dissolution by acids other than carbonic has previously
been recognized (Martin, 2017; Torres et al., 2014; Perrin et al., 2008),
the magnitudes of acids produced and their contributions to dissolution
in the subsurface during surface water-groundwater interactions are
poorly constrained within the carbonate critical zone. Nonetheless,
dissolution caused by each acid is critical to understanding the evolution
of karst systems, potential impacts on water resources, and interactions
with the global carbon cycle. Links between the global carbon cycle and
the carbonate critical zone are important because carbonate landscapes
represent the largest reservoir of carbon on Earth's surface (Falkowski
et al., 2000). Specifically, dissolution by carbonic acid originating from
atmospheric CO5 represents an atmospheric sink over short timescales,
although it is net neutral over geologic timescales (e.g., Walker et al.,
1981; Berner et al., 1983), while carbonate mineral dissolution by
non-carbonic acids (e.g., sulfuric and nitric) provides a source of CO5 to
the atmosphere (Martin, 2017; Guo et al., 2015; Torres et al., 2014;
Beaulieu et al., 2011; Perrin et al., 2008; Anderson et al., 2000).

Various mechanisms create acids that contribute to carbonate min-
eral dissolution in addition to hydration of atmospheric CO; (Table 1).
Microbial and root respiration may increase the partial pressure of CO5
(pCO3) in the vadose zone above atmospheric concentrations and
contribute additional carbonic acid-driven dissolution (Gulley et al.,
2020; Gulley et al., 2016; Gulley et al., 2015; Gulley et al., 2014; Cooper
et al.,, 2016; Mattey et al., 2016; Whitaker and Smart, 2007; Baldini
et al., 2006; Wood, 1985). Organic acids, in particular humic and fulvic
acids, produced from the breakdown of plant and soil organic matter or
secreted by roots contribute acidity that may cause carbonate dissolu-
tion, although their contribution in thought to be minor (Hessen and
Tranvik, 1998; Ford and Williams, 2007). Sulfuric acid is produced
where minerals or species containing reduced sulfur, such as pyrite or
hydrogen sulfide, react with oxygen. Nitrification, the microbial
oxidation of ammonium (NHZ) to nitrate (NO3), produces nitric acid
from oxidation of free NH4 or the organic nitrogen associated with
dissolved organic matter (DOM) (Gao et al., 2023; Stein, 2011). Nitric
acid production has increased recently with the accumulation of reactive
nitrogen species from widespread use of anthropogenic nitrogen fertil-
izers in aqueous systems including the carbonate critical zone (Erisman
etal., 2008; Galloway et al., 2008; Newton et al., 1996). Fossil fuel usage
represents another important anthropogenic source of both sulfuric and
nitric acids that are deposited on the landscape as acid rain (Irwin and
Williams, 1988). Although less widely reported as a source of

Table 1
Stoichiometry of aerobic acid-producing redox reactions.

Eq. Reaction Name Chemical Reaction
#
Eq. (CH20)106(NH3)16H3PO4 + 13805 — 106CO; +
(1) DOM oxidation 122H,0 + 16NO; + HPOF ™ + 18H"
Eq.
(2)  Pyrite Oxidation 4FeS, + 150, + 8H,0 — 2Fe,03 + 8507 + 16H'
Eq.
(3)  Nitrification NHj + 20, — NO3 + H,0 + 2H+
Eq.
(&) Iron(II) Oxidation Fe?™ 4+ 20, + 2.5H,0 — Fe(OH); + 2H™
Eq. Manganese(II)

(5)  Oxidation Mn** + 0.50, + Hy0 — MnO, + 2H
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dissolution, oxidation of reduced metal species like manganese(II) and
iron(II) and precipitation of their highly insoluble oxyhydroxides also
produces acids that depend on redox state (Matocha et al., 2012; Cra-
votta, 1993; Hem, 1981).

Surface water-groundwater interactions lead to variations in redox
conditions of epigenetic karst aquifers that may be responsible for acid
production (Table 1) and dissolution as surface water recharging karst
aquifers provides redox sensitive solutes such as organic carbon, nutri-
ents, metals, and oxygen to the subsurface (Brown et al., 2019; Kipper,
2019; Brown et al., 2014; Gulley et al., 2013b; Gulley et al., 2011; Bailly-
Comte et al., 2010). Given the potential for variable kinetics of redox
and dissolution reactions (e.g., Oberhelman et al., 2024), the length of
time that the surface water resides in the subsurface may be a key
control on the degree to which subsurface reactions contribute to
dissolution. A primary goal of this work is to evaluate the role of sub-
surface residence time for recharge surface water in dissolution caused
by subsurface redox reactions.

In this study, we separate relative contributions to dissolution from
recharge of undersaturated surface water and acid-producing subsurface
redox reactions (Table 1). We separate contributions with chemical
mixing and thermodynamic geochemical (PHREEQC) models and the
chemistry of water samples collected from study sites in north-central
Florida, USA. The sites include a stream sink-rise system and springs
that periodically receive surface water during stream flooding, including
time-series sampling of one flooding event. Water that flows to the
aquifer at the sinking stream remains in the aquifer for times ranging
from less than a day to about a week while surface water that flows into
the spring during flooding events can reside in the subsurface for more
than a month. These variations in subsurface residence times allow
evaluation of rates of reactions (Oberhelman et al., 2024). We test the
hypotheses that the subsurface residence time of intruding surface water
will control the magnitude of dissolution caused by acids derived from
various subsurface redox reactions and that there is a threshold sub-
surface residence time beyond which additional acid produced by redox
reactions will be required for dissolution.

2. Methods
2.1. Study location

The study location is in the Suwannee River watershed in north-
central Florida, USA (Fig. 1). The watershed is underlain by the
karstic Floridan aquifer, which consists of pre-Miocene eogenetic car-
bonate rocks. The aquifer is confined in the northern portion by Miocene
Hawthorn Group siliciclastic rocks and unconfined in the southern
portion. A middle confining unit separates the Floridan aquifer into the
upper Floridan aquifer (UFA) and the Lower Floridan aquifer. The UFA
is composed of the Oligocene Suwannee and Eocene Ocala limestones
and has porosities and matrix permeabilities around 30% and 10713 m?,
respectively (Budd and Vacher, 2004). Ocala Limestone is >95% calcite
by weight with trace amounts of clay, organics, and dolomite (Schmidt
et al.,, 1979). Suwannee Limestone is less pure with greater amounts of
silica and is only present at one of our sample locations (Madison Blue
Spring) (Williams and Kuniansky, 2015; Schmidt et al., 1979). Pyrite is a
minor constituent of both Ocala and Suwannee limestones, although
greater amounts occur in the Suwannee Limestone (Pichler et al., 2011;
Price and Pichler, 2006). The Hawthorn Group, which reaches a
maximum thickness in north-central Florida of 95 m, has been removed
by erosion in the southwestern region of the Suwannee River watershed.
The boundary between confined and unconfined UFA forms a geomor-
phic feature called the Cody Scarp (—Scott, 1988). Where the Floridan
aquifer is confined, abundant surface water features form, including
lakes and streams. Where the Floridan aquifer is unconfined, surface
water is limited to the Suwannee River, its major tributary, the Santa Fe
River, and small spring runs draining to both rivers.
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Fig. 1. Maps of the study area and sample sites in north-central Florida. (A) Suwanee River watershed showing the major drainages, sampled reversing springs, the
Sink-Rise system outlined by the dashed box shown in panel B, and the Cody Scarp, which is roughly represented by the semi-confined UFA. (B) Map of the Santa Fe
River Sink-Rise system showing River Sink, Sweetwater Lake, River Rise, mapped conduit, and monitoring well locations. Monitoring well sites that contain a

clustered shallow well are labeled with a second number containing an 'A".

2.2. Sampling locations

Samples were collected across north-central Florida, USA, including
from Madison Blue Spring, Peacock Springs, Little River Spring, and
Otter Spring, and at various locations of the Santa Fe River where it
flows into the subsurface at a sinkhole and reemerges at a first-
magnitude spring south of the sinkhole (a region referred to herein as
the Sink-Rise system), (Fig. 1). Groundwater samples were also collected
from wells at the Sink-Rise system and compared with legacy data from
Floridan aquifer public supply wells that span all of Florida and into
southern Georgia (McMahon et al., 2017). All sample locations have
similar aquifer characteristics and semi-tropical climatic conditions
because of their geographic proximity.

Madison Blue Spring, Otter Spring, Little River Spring, and Peacock
Spring are classified as 1st (Madison Blue), 2nd (Otter and Little River),
or 3rd (Peacock) magnitude with discharges of >2.8, 0.28-2.8, and
0.03-0.28 m?>/s, respectively (e.g., Meinzer, 1927). They discharge
water to short spring runs (less than a few hundred meters) that flow to
the Withlacoochee or Suwannee rivers. Because of the short spring runs
and flat regional topography, flooding of the receiving rivers reverse the
flow direction of the spring run, allowing river water to flow into the
spring vent. These periods of reversed flow alter spring water chemistry,
which at baseflow is largely invariant, for weeks to months after
discharge resumes (e.g., Gulley et al., 2011; Flint et al., 2021). During
flood recessions, discharging water from Madison Blue Spring is a
mixture of the recently recharged river water, which resides in the
subsurface for periods of weeks to months (Oberhelman et al., 2024),
and groundwater that discharges during spring baseflow, which has
subsurface residence times on the order of decades (Katz et al., 2001).
We use the term ‘recharge phase’ to describe the period of a reversal
when river water is flowing into the spring vent and the term ‘recession
phase’ to describe the period where the spring is discharging mixed river
water and groundwater as baseflow conditions reestablish.

Where the Santa Fe River crosses the Cody Scarp, it flows into a ~ 36
m deep sinkhole (River Sink), which captures the entire river flow,
except during extreme floods when a small fraction of the river flows

across the land surface. In the subsurface, water flows through partially
mapped anastomosing water-filled conduits that connect River Sink
with River Rise, a first magnitude spring ~8 km to the south that rep-
resents the headwaters of the lower Santa Fe River. The conduits con-
necting River Sink to River Rise have several collapse sinkholes that
provide connections from the conduits to the surface, one of which,
Sweetwater Lake, was sampled for this project (Fig. 1B). Gain or loss of
water from the conduits is identified by the difference in river discharge
measured at River Sink and River Rise, with losing conditions common
during floods when flow captured by River Sink exceeds River Rise
discharge (Martin et al., 2006; Bailly-Comte et al., 2010). Seven
groundwater monitoring well sites are located near the mapped location
of Sink-Rise system conduits. Four of these sites contain clustered deep
and shallow wells. All wells are cased with 5.1 cm diameter PVC casing,
with shallow wells extending to the water table (~1-3 m below land
surface) and deep wells to the depth of the conduits (~30 m below land
surface) (Ritorto et al., 2009). The shallow wells have a 3 m screened
interval and the deep wells have a 6 m screened interval at their base.

During 2018-2020 and 2022, a total of 174 samples were collected at
variable frequencies. During 2021, the Sink-Rise system was sampled
biweekly (Fig. 2) and the reversing springs were sampled every three
months. Madison Blue Spring reverses on average once or twice per year.
One reversal was sampled between mid-February and mid-April 2021, at
an average rate of 1 sample every 4 days, with greater frequency during
the recession phase of the reversal (Fig. 3). Wells were sampled at least
twice during 2020-2021. Exact sample dates and times are listed in the
accompanying data set (Oberhelman et al., 2023a).

2.3. Field and laboratory methods

Water was pumped from spring vents, River Sink, Sweetwater Lake,
and River Rise using a Geotech peristaltic pump and weighted PVC
tubing inserted into the water body. The pump outlet was connected to
an overflow cup where a YSI ProQuatro Multiparameter Meter was used
to monitor temperature, dissolved oxygen (DO), specific conductivity,
and pH until values stabilized and were recorded, after which water
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Fig. 2. Hydrographs and daily precipitation for the Sink-Rise system during the 2018-2022 study period. The dotted black line represents river recharge into River
Sink (USGS gauging station 02321898). The solid red line represents River Rise discharge (USGS gauging station 02321958). Precipitation data (black bars) were
retrieved from the Suwannee River Water Management District database for the gauge located at O'leno State Park (Suwannee River Water Management District,
2024). Paired samplings from River Sink and River Rise where the mixing model indicates dissolution (i.e., positive ACa®* values) are marked with grey triangles
while grey circles mark samplings where the model indicates precipitation (i.e., negative ACa>" values). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Hydrograph, daily precipitation, SI., values, A[x] values for solutes during the 2021 spring reversal at Madison Blue Spring. Black diamonds on the
hydrograph represent when water samples were collected. Note that units for A[x] values are either mM or uM and that AFe>" values are multiplied by 10~'. Periods
of negative discharge (grey shaded regions) indicate when Withlacoochee River stage exceeded the hydraulic head of groundwater at the spring vent allowing surface
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were taken from USGS gauging station 02319302. Precipitation data were retrieved from the Suwannee River Water Management District database for the gauge
located at Madison Blue Springs (Suwannee River Water Management District, 2024). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

samples were collected. Water was pumped from monitoring wells using connected to an overflow cup that contained the multiparameter meter
a Proactive Environmental Products 12-Volt Submersible Tornado electrodes with PVC tubing. Samples were collected after purging at
Pump, installed at a depth of 0.5 m below the water table. The pump was least three well-volumes and the multiparameter meter values
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stabilized.

Water was sampled for measurement of ion (Ca®*, Mg?*, Na*t, K™,
Ccl, SO%’, F, NH,4+ NO3, Fe, and Mn), dissolved inorganic carbon (DIC),
and dissolved organic carbon (DOC) concentrations. Samples were
filtered with in-line 0.45 pm GeoTech medium-capacity capsule filters
prior to collection. Most ion and dissolved metal samples were collected
in two 20 ml HDPE bottles. One bottle was used to measure cation
concentrations and was acidified to pH < 2 in the field with trace-metal
grade nitric acid. The other bottle was used to measure anion concen-
trations and had no added preservatives. Instrument detection limits
(DL) were determined with sample blanks or from instrument manu-
facturer specifications. Ion concentrations (except NHZ) were measured
by ion chromatography on Dionex ICS-2100 (anions; DL 1 pM) and ICS-
1100 (cations; DL 1 pM) instruments. Samples for NHZ concentration
were collected in 50 ml falcon tubes and frozen until measured by
colorimetry on a Seal AA3 AutoAnalyzer (Method G-171-96; DL 0.05
pM). DOC samples were collected in 40 ml amber glass vials combusted
at 550 °C before use and were acidified with hydrochloric acid to pH < 2
in the field. DOC was measured on a Shimadzu TOC-VCSN total organic
carbon analyzer (DL 10 pM). DIC samples were sequentially filtered with
in-line 0.45 pM capsule filters followed by 0.22 pM cellulose filters into
20 ml Qorpac glass vials and sealed with no headspace. DIC concen-
trations were measured on a UIC 5011 CO5 coulometer (DL 15 pM)
coupled with an AutoMate Preparation Device. All samples were stored
on ice in the field and refrigerated at 4 °C or frozen (NH4 samples) upon
return to the lab.

Cation samples collected during the 2021 reversal at Madison Blue
Spring were used for analysis of Fe?"(DL 6 nM) and Mn?* (DL 0.2 nM)
concentrations on a ThermoFinnigan Element 2 ICP-MS (e.g., Brown
et al., 2019). Dissolved trace metal concentrations were corrected with
an 18.2 MQ cm™! water sample blank acidified with the same trace-
metal grade nitric acid used in the field and stored in a new 20 ml
HDPE bottle.

2.4. Subsurface residence time of river water at the sink-rise system and
Madison Blue Spring

Residence times for water flowing through the Sink-Rise system were
estimated from an established relationship between River Sink gage
height and time for temperature anomalies to travel from River Sink to
River Rise (Bailly-Comte et al., 2011; Martin and Dean, 2001; Martin
and Dean, 1999). Residence times average 1.8 days and range between
<1 and 15 days, with an inverse exponential relationship with
discharge. An assumption in these calculations is water flows directly
from River Sink to River Rise without exchange between the conduit
matrix porosity, which will lengthen the travel times (Martin and Dean,
2001).

The method for estimating subsurface residence time of water
recharged during the reversal at Madison Blue Spring is based on a last
in-first out accounting of the river water injected during the recharge
phase and discharged during recession phase of the reversal as described
in Oberhelman et al. (2024). Briefly, subsurface residence times esti-
mated by this method represent the lengths of time between the end of
the recharge phase and sample collection plus the time required for the
same volume of river water discharged during that period to flow into
the spring during the recharge phase of the reversal. These volumes of
water are derived from discharge measurements reported for the USGS
Gage 02321958 located in the spring run.

2.5. Evaluation of redox and dissolution reactions

End-member mixing models were used to separate solute concen-
trations linked to mixing of source water from changes in concentrations
caused by redox and dissolution reactions at the Sink-Rise system and
Madison Blue Spring. Proportions of three sources of water to River Rise
were determined using a model developed by Moore et al. (2009) that
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relies on SO%’ and Mg2+ concentrations. The sources include (1) surface
water recharging the aquifer at River Sink, (2) shallow groundwater
represented by water collected at Well 4, and (3) deep upwelling
mineralized groundwater represented by water collected at Well 2
(Fig. 1B). While SO3~ and Mg?" may be influenced by redox conditions
and various mineral dissolution reactions, they are conservative at the
Sink-Rise system based on strong linear correlations of their concen-
trations between the three source waters (Moore et al., 2009). Addi-
tionally, unlike C1~ and Na*, which also behave conservatively, S0%~
and Mg?" concentrations differ by orders of magnitude among the three
source waters, providing robust estimates of surface water and shallow
groundwater contributions to River Rise (Oberhelman et al., 2023b).
Fractions of river water, shallow groundwater, and deep groundwater
were calculated with the following system of equations:

1 =X+ Xwa + Xws (6)
Mgy = XsMgg + XwaMgy, + XwaMgyy, @)
SO4r = Xs8045 + Xw2SO04w2 + XwaSOaws (€)

where the subscripts denote River Sink (S), Well 4 (W4), Well 2 (W2),
and River Rise (R). X denotes the fraction of each endmember. Mg2+ and
SO%~ denote the average concentrations of Mg?" and SO%~ from samples
at Well 4 and Well 2, while for River Sink and River Rise they denote
Mg?" and SOZ~ concentrations for pairs of samples collected on the same
day at River Sink and River Rise.

At Madison Blue Spring binary mixing is assumed between spring
water and Withlacoochee River water. Proportions of the two sources
are determined based on average Cl~ concentrations in groundwater
discharging at the spring vent during baseflow (0.17 mM) and intruding
river water (0.21 mM) during a spring reversal (Brown et al., 2014).
Local diffuse recharge to the aquifer through the land surface is assumed
to be insignificant relative to the volumes of groundwater and river
water that mix within the ~30 m deep conduits during reversals. Frac-
tions of river water and groundwater were calculated by:

1 = Xgu + Xow ©)
Clobs = XgwClgw + X Clry (10)

where water discharged following the reversal includes variable frac-
tions of groundwater (Xg,,) and intruded river water (X.) at the spring
vent. Clops is the concentration of CI™ measured in samples during the
recession phase of the reversal, Clgy is the average Cl™ concentration in
spring discharge at baseflow, and Cl,, is the average Cl~ concentration
of intruding river water during the recharge phase of the reversal.
Changes in the concentration of solutes, including major ions, DOC,
metals, DO caused by redox and dissolution reactions were assessed by:

A[X] = [X]observed - [X]mix an

where [x] represents the solute of interest and A[x] is the difference
between the observed concentration ([X]observed) and the concentration
predicted by mixing of source waters ([X]nmix) based on Egs. (6)-(10).
Positive A[x] values represent a net gain of solutes from reactions and
negative A[x] values represent a net loss of solute from reactions. A A[x]
value of zero indicates conservative behavior.

Dissolution and precipitation of limestone are represented as forward
or reverse reaction:

CaCO; +H' « Ca*" + HCOj3 12)
where H" represents a generic acid, most likely carbonic, sulfuric, or

nitric. The mass of limestone dissolved or precipitated (ACaCOg3, kg) was
estimated for individual samples from the Sink-Rise system by:

ACaCO; = ACa®’* xRxQxM 13)
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where ACa®* is the A[x] value for Ca®>" (mol 171, R is the subsurface
residence time (s), Q is the discharge (1 s’l) at River Rise (USGS Gage
02321958; Fig. 2) at the time of sampling, and M is the molar mass of
calcite (0.10009 kg mol™1).

The mass of calcite dissolved or precipitated during the sampled
reversal at Madison Blue Spring was estimated by multiplying discharge
volumes by ACa®" values of samples, using the following algorithm
because sampling and discharge measurements occurred at different
frequencies. The volume of discharge (Vm, 1) centered on the time for
each sample was calculated from:

Vm = Qm x 900 14

where Qm (15 1) is the sum of reported discharge values centered on the
sampling time and bounded by times midway between the previous and
subsequent samples (Fig. S1). The value 900 converts the sum discharge
values to flow volume under the assumption of constant discharge over
each 15-min interval. For the initial sample after the recharge phase of
the reversal, Qm is based on sum of discharge from the end of the
recharge phase (identified as positive discharge, Fig. 3 and S1) to
midway between the time for the first and the second samples. At the
end of the record, Qm is based on the midpoint between the penultimate
and ultimate sample through the end of the recession phase of the
reversal which we define as when another reversal begins or when the
discharging water is <5% river water. Because our final sample contains
~11% river water (Fig. 3), we identify the end of the recession phase by
extrapolating a regression of the natural log of the river water fraction
through time (Egs. (9) and (10)) in the last five samples to a value of 5%
river water (Oberhelman et al., 2023b). The mass of calcite dissolution
or precipitation was based on each sample's composition during the
recession phase and calculated by:

ACaCO; = Vm x ACa*" x M (15)

The sum of ACaCOj3 values of all samples collected during the
recession period equals the total dissolution or precipitation for the
reversal.

Calcite can contain variable amounts of Mg?" substituting for Ca®" in
the crystal lattice and limestones may contain additional Mg?" in the
form of dolomite (CaMg(COs)2) resulting in an underestimate of disso-
lution if calculations are based solely on ACa®* values. We thus include
AMg?" values in the total dissolution, which converts the mass balance
(Eq. (13)) to:

(Mg,,Ca; ,)CO; +H* & xMg*" + (1 —x)Ca*" + HCO; (16)

where x is the mole fraction of MgCOs in the dissolving rock with x =
~0.5 for dolomite. Total carbonate mineral dissolution is estimated as
the sum of calcite dissolution and MgCOj3 dissolution, which is calcu-
lated with Egs. (14) and (15) by substituting AMg2+ values for ACa?t
values and instead using the molar mass of MgCOs (0.08431 kg mol™1).
This assessment was only made at Madison Blue Spring because Mg?"
concentrations constrain the mixing models at the Sink-Rise system.
We estimate the amount of acid that could be produced by oxidation
of the following common species (1) DOM, (2) pyrite, (3) NH4+, (4) iron
(I), and (5) manganese(Il) (Table 1, Egs. (1)-(5)) using reaction stoi-
chiometry and by assuming each reaction is responsible for the entire
A[x] value of measured solutes, excluding DO, involved in that reaction.
Oxidation of DOM is represented by ADOC values assuming a Redfield
ratio (C:N:P = 106:16:1). NOj3 is also produced when DOM is oxidized
(e.g. Gao et al., 2023; Eq. (1)) but the amount of NO3 produced by
assuming ADOC values represent DOM is not significant compared to
observed ANOj3 values and thus we do not consider it further. Pyrite
oxidation is represented by ASO3~ values. Oxidation of NHJ is repre-
sented using both ANH4 and ANO3 values. Iron(II) and manganese(II)
oxidation are represented using AFe?! and AMn?" values, respectively.
Acid produced by reactions 1-5 (Table 1) is represented as H" or CO»,
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which hydrates to form carbonic acid (Eq. (17)) that dissociates to
produce H'.

CO, + H,0 < H,CO; & H" + HCO; a7)

The mass of dissolution is estimated for each redox reaction
assuming all produced acid dissolved carbonate minerals (e.g., Eq. (12))
and is referred to herein as the dissolution potential. The dissolution
potential at Madison Blue Spring is not fractionated between CaCO3 and
MgCOj3 using the observed x value (e.g., Eq. (16); equivalent to AMg?*/
(ACa%t + AMg2+)) because the difference in the total mass of rock
dissolved (e.g., Eq. (15)) is lower than the uncertainty in estimates of
dissolution potential. The limitation of dissolution potential for the
redox reactions in Table 1 may result from availability of DO. The
amount of DO consumption necessary for the full dissolution potential of
each redox reaction was estimated using reaction stoichiometry and is
referred to herein as the required DO consumption. The amount of DO
consumption that occurred based on ADO values is termed the observed
DO consumption.

The rate of limestone dissolution (M hr~!) was calculated assuming
calcite dissolution at both the Sink-Rise system and Madison Blue Spring
and the residence time, Rt (hr) of the water in the subsurface when
dissolution reactions occurred:

Rate = ACa®" /Rt (18)

The dissolution rate considering Mg-calcite is also calculated at
Madison Blue Spring:

Rate = (ACa®" + AMg*") /Rt 19)

Dissolution is kept in concentration units to normalize for different
fractions of river water between samples.

2.6. Calcite saturation indices and geochemical modeling

We use PHREEQC version 3.7.3 (Parkhurst and Appelo, 2013) with
the LLNL database to calculate calcite saturation indices (SI.y) and es-
timate the amount of dissolution that could result from the initial
undersaturation of recharged surface water. We estimate dissolution
from the initial undersaturation of recharged surface water by first
deriving the chemical composition of water that would discharge if only
conservative mixing of source waters occurred (i.e. no reactions in the
subsurface) using the mixing fractions estimated for source waters in
each sample (Egs. (6)-(10)). We then simulate calcite dissolution by
reacting the derived water composition in PHREEQC until the SI 4 value
equals the SI., value of that sample based on measured solute concen-
trations. The QCgiss. value is calculated as the difference in the Ca®*
concentration before and after simulation of calcite dissolution con-
verted to kg of calcite following Eqs. (13)-(15). QCgiss. thus represents
the amount of calcite that could be dissolved by acid in recharging
water, which includes any acidity supplied by the equilibration of the
water with atmospheric CO», the hydration of CO2 generated by stream
heterotrophy, and the presence of mineral and organic acids.

We define the relative amounts of additional acids needed to support
dissolution (Aaciq) as the difference between dissolution estimated from
source water mixing models (i.e., ACa?t, Egs. (13)-(15)) and QCgiss.:

Agcid = Aca2+ - chiss. (20

If Aaciq is positive, more dissolution occurred than can be explained
by initial river water undersaturation and additional acid is needed, in
which case, Aciq also represents the amount of dissolution caused by
acid provided by subsurface redox reactions. The A,cq /ACa®" ratio
represents the fraction of total dissolution derived from these sources. If
Aqcid is negative, injected river water has sufficient acid for the amount
of dissolution that was observed based on the ACa®" value.

Calculations of QCg;ss, and Sl values in PHREEQC use water com-
positions based on temperature, pH, and DO, DIC, Ca®", Mg?*, Na*, K™,
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F,Cl, SO?{, NO3, and NHj concentrations with charge balance forced
with alkalinity. Fe>* and Mn?* concentrations were also included for
Madison Blue Spring samples. We consider Sl values of 0 + 0.3 to
indicate equilibrium based on analytical and thermodynamic data un-
certainty (Lu et al., 2022; Moore et al., 2010). Pure calcite dissolution is
assumed in PHREEQC modeling.

3. Results
3.1. Sl.q and dissolution

The ACa®" values at the Sink-Rise system indicate periods of both
calcite dissolution (n = 15) and precipitation (n = 28), with dissolution
predominantly occurring during flood events (Fig. 2). The mass of
calcite dissolution and precipitation for individual samples ranged from
0.09 x 10*9 x 10 kg dissolution to 0.04 x 10*11 x 10* kg precipi-
tation. Across all Sink-Rise system samples, there was 24 x 10* kg of
dissolution and 115 x 10* kg of precipitation. In contrast, only disso-
lution occurred during the reversal at Madison Blue Spring. A total of
106 x 10* kg of rock dissolved during the reversal, of which 92 x 10*
and 14 x 10* kg were calcite and Mg-calcite, respectively.

Median S, values across all sample locations ranged from —1.2 to
0.34 (Fig. 4). All well water and reversing spring samples had median
Slca1 values of 0 + 0.1 except Otter Spring, which had a value of 0.34 +
0.21. Median Sl values at River Sink, Sweetwater Lake, and River Rise
were — 1.2, —0.84, and — 0.56, respectively, and show a larger range
than other locations. The range of median Sl values at River Sink
during baseflow was —0.31 and during flood events decreased to —1.6.
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During baseflow, SI., values indicate water flowing through the Sink-
Rise system reaches equilibrium with calcite. At Madison Blue Spring,
the median Sl value during baseflow was —0.08 and during the
recharge phase of the reversal decreased to —3.11. SI, values increased
from —0.77 to 0.05 during the recession phase (Fig. 3) and recovered to
baseflow values when returning surface water had a residence time of
~730 h.

The A,ciq values (Eq. (20)) are positive for all samples collected
following the reversal at Madison Blue Spring (Fig. 5A). At the sink Rise
system, Aaciq values are mostly negative and increase with residence
times, becoming positive in two cases (Table 2) when recharged water
had residence times between 20 and 60 h. The increase of A,.iq values
extend to a maximum of 7.0 x 10 kg at a residence time of ~720 h with
values decreasing to near zero at longer residence times. For samples
with positive A,ciq. values, the Aacig/ ACa®* ratio remains fairly constant
with a median value of 0.53 + 0.07 (Fig. 5B).

Assuming pure calcite, the calculated QCgis. indicate the initial
undersaturation of recharged surface waters during the reversal at
Madison Blue Spring could dissolve 43 x 10* kg of calcite, or ~ 47% of
the total observed dissolution (Fig. 6). The calculated QCgjss. values also
indicate the initial undersaturation of surface waters could dissolve 2.1
x 10% and 1.2 x 10* kg of calcite for the two samples with positive Aaciq
values at the Sink-Rise system (Fig. 5A; Table 2). These masses of calcite
represent 49% and 55% of the total observed dissolution in those sam-
ples, respectively.
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Fig. 4. Boxplots of saturation indices with respect to calcite (Sl.,) at springs and monitoring wells. The solid line represents an SI., of zero while the dashed lines
represent +0.3, which is the range we consider here to indicate a sample is at equilibrium with calcite. Samples from the recharge phase of the reversal at Madison
Blue Spring were excluded from this plot as they represent the Sl of river water not spring discharge. The median SI, of these four excluded samples is reported in
the text. Boxplots follow the standard Tukey convention. *Includes data from McMahon et al. (2017). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. (A) A,cia (Eq. (20)) versus subsurface residence time at the Sink-Rise
system and Madison Blue Spring. The dotted line on A marks where A,ciq =
0 (i.e., ACa®" = QCyjss). Values that fall below the dotted line identify samples
where PHREEQC modeling indicates the amount of dissolution based on ACa?*
values could be supported by undersaturation of the recharged waters and no
additional acids are required for the observed dissolution. Values that fall above
the dotted line identify samples where PHREEQC modeling indicates acid in
addition to undersaturation of recharging river water is required generate the
amount of dissolution based on ACa®" values. (B) Aucia /ACa%" versus sub-
surface residence time at the Sink-Rise system and Madison Blue Spring for
samples where A,.iq is positive. Aycig /ACa®* indicates the fraction of dissolu-
tion derived from additional acids and has a median value of 0.53 + 0.07
represented by the dashed line and grey shaded region. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Dissolution for Sink-Rise system samples with positive A,q values.
Date ACa** QCliss. Aacid
(10* kg (10* kg) (10* kg
21-06-2021 4.3 2.1 2.2
22-12-2021 2.2 1.2 1.0

3.2. Reactive changes to solute concentrations

Following the reversal at Madison Blue Spring, A[x] values indicate a
reactive loss of DO, DOC, NH{, Mn?*, and Fe?* and gain of Ca®*, Mg?",
SO7~, and NO3 (Fig. 3). For the two Sink-Rise system samples with
positive A,ciq values (Fig. 5), A[x] values indicate a reactive loss of DO,
DOC, and NHZ and gain of Ca?* and NO3 (Table 3). The use of Mg>" and
SO~ concentrations to evaluate mixing and lack of measurements of
Mn?" and Fe?* concentrations prevent estimates of their reactive loss or
gain at the Sink-Rise system.
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Anoxia was not observed at the Sink-Rise system or Madison Blue
Spring (Oberhelman et al., 2023a). At Madison Blue Spring, the lowest
DO concentration was 1.0 mg/l (~10% saturation) in the sample
collected ~80 h after the end of the reversal following a subsurface
residence time of ~200 h. At River Rise, the lowest DO concentration
was 0.7 mg/1 (~8% saturation) and occurred during baseflow when
discharge was 7.2 rn3/s, including ~15% surface water (Egs. (6)-(8))
with a subsurface residence time of ~66 h.

3.3. Potential dissolution from redox generated acids and required DO
consumption

At Madison Blue Spring, the dissolution potential derived from DOM
oxidation based on ADOC values is 105 x 10* kg of calcite (Fig. 6). This
value is greater than the difference between dissolution based on ACa®*
+ AMgZJr values (Egs. (13)-(15)) and QCyjss, which is 63 x 10* kg
calcite. The dissolution potential of non-carbonic acids, derived from
nitrification and oxidation of pyrite, iron(Il), and manganese(Il), is ~24
x 10* kg calcite, which is ~1/4 of the dissolution potential of DOM
oxidation. For the two Sink-Rise system samples with positive Aycig
values, the dissolution potential from DOM oxidation based on ADOC
values is sufficient to dissolve 9.2 x 10%-25 x 10* kg of calcite (Table 3),
which is enough to make up the difference between dissolution based on
ACa®* and QCuiss. for both samples (Table 2). The dissolution potential
of nitrification provides <1 x 10* kg of calcite dissolution for the two
Sink-Rise samples (Table 3).

The observed DO consumption was 88 pM at Madison Blue Spring
over the entire sampled reversal and is ~8 times smaller than the total
required DO consumption of 660 pM for the reactions listed in Table 1 to
go to completion based on the A[X] values (Fig. 7). The deficit in
available DO is especially acute for DOM oxidation, which requires ~6
times greater DO consumption than was observed, although the required
DO consumption for each of the other redox reactions (Egs. (2)-(5)) is
less than observed. Similarly at the Sink-Rise system, the observed DO
consumption for the two samples with positive A,iq values were smaller
than required DO consumption for DOM oxidation but greater than the
required DO consumption for nitrification (Table 3).

3.4. Dissolution rates

At Madison Blue Spring, dissolution rates for pure calcite range from
0.1 to 26 pM calcite hr? (Eq. (18); Fig. 8). Dissolution rates increased by
~17%, assuming AMg?" also represents carbonate dissolution and
ranged from 0.1 to 30 pM calcite hr! (Eq. (19)). Dissolution rates at the
Sink-Rise system ranged from 0.3 to 15 pM calcite hr ! (Eq. (18)).
Maximum dissolution rates at both Madison Blue Spring and the Sink-
Rise system occur with subsurface residence times between 20 and 40
h with minimum values <0.2 pM calcite hr~! as subsurface residence
times decrease to ~10 h and increase to ~1500 h.

4. Discussion

The following discussion explores how exchange of surface water
and groundwater, variable residence times of recharged water in the
subsurface, and production of various acids resulting from redox re-
actions contribute to dissolution in carbonate aquifers. We use the A,cid/
ACa®" to compare dissolution from undersaturation of recharging sur-
face water to that from acid generated by subsurface redox reactions
(Table 1). We separate acids derived from various redox reactions
through mass balance relationships of electron donor and acceptor
concentrations. The mass balance calculations allow estimates of
dissolution kinetics, how reactions rates may impact dissolution, and
demonstrate maximum dissolution rates occur at specific subsurface
residence times. Although the study location is north-central Florida,
USA, findings and developed analytical methods may be applicable to
general understanding of dissolution and mobilization of carbon in the
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Fig. 6. Bar plot showing the amounts of dissolution based on ACa?" and AMg?* values, the amount of dissolution attributed to the initial undersaturation of surface
water based on PHREEQC modeling (QCdiss.), and the potential dissolution from acid generated during various redox reactions (Table 1) during the sampled reversal
at Madison Blue Spring. The sum of potential dissolution from production of various acids by redox reactions exceeds the difference between dissolution based on
ACa®* values and QCgiss. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

A[x] values, dissolution potential, and required DO consumption for Sink-Rise
system samples with positive A,.q values. Note that ADO represents the
observed DO consumption.

Date Ca** DO DOC NH." NOs~
(Eq. (1)) (Eq. (3)) (Eq. (3))

A[x] values (mM)

21-06-2021 0.26 —-0.05 -1.28 —0.003 0.02

22-12-2021 0.10 —0.09 —0.36 —0.002 0.02

Dissolution Potenital (10* kg):

21-06-2021 - - 25 0.1 0.5

22-12-2021 - - 9.2 0.1 0.9

Required DO consumption (uM):

21-06-2021 - - 1700 3.5 15.9

22-12-2021 - - 470 2.2 20.8

carbonate critical zone.

4.1. Dissolution and subsurface residence time

At long residence times (> ~60 h), the amount of carbonate disso-
lution estimated from ACa®" values cannot result from the initial
undersaturation of the recharged water (QCqjss) (Fig. 5A). At residence
times between 10 and 60 h, the undersaturation state of the recharged
water is sufficient to cause all of the dissolution indicated by ACa®*
values for most samples with negative A,qiq values. Exceptions occur in
three additional samples with residence time of ~20 to 60 h, where
additional sources of acid are required for dissolution indicated by
ACa?* values.

Acid produced by reactions 1-5 (Table 1) is sufficient to supply the
needed additional acid (Tables 2, 3; Fig. 6) and these acids would
immediately begin to contribute to dissolution once produced, even for
samples with negative A,q values (Fig. 5A). That dissolution begins
immediately after acid production is supported by low variability of the
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Fig. 7. Bar plot showing the observed DO consumption and the DO con-
sumption required to actualize the dissolution potential based values of redox
sensitive solutes (Fig. 6) at Madison Blue Spring based on redox reaction stoi-
chiometry (Table 1). Observed DO consumption is insufficient to actualize the
dissolution potential based values of redox sensitive solutes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Aacid /ACa>* values (0.53 & 0.07; Fig. 5B) in samples with positive Aycig
values. Acid concentrations, from both recharged undersaturated sur-
face water and through production in the subsurface via reactions 1-5
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Fig. 8. Plots showing the dissolution rate of limestone versus subsurface resi-
dence time at the Sink-Rise system and Madison Blue Spring. The rate for pure
calcite dissolution (ACa?") and Mg-calcite (ACa®>" + AMg?") dissolution are
displayed for Madison Blue Spring. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

(Table 1), exceed those required for the observed dissolution (ACa%t
values), indicating the rate of acid production from redox reactions is
faster than acid consumption from calcite dissolution, and thus the ki-
netics of acid production exceed those of calcite dissolution.

Dissolution by acids produced in the subsurface (Egs. (1)-(5)) may
represent a source of CO5 to the atmosphere. Remineralization of DOM
and dissolution by produced acids increases the pCO; and DIC concen-
tration of the water, and CO, will evade to the atmosphere where pCO»
is greater than atmospheric equilibrium. However, loss of atmospheric
CO4 by carbonic acid dissolution of carbonate minerals is net neutral for
atmospheric CO; over geologic time because the consumed CO; returns
to the atmosphere during carbonate mineral precipitation (Egs. (12),
(17); Berner et al., 1983):

Ca®" + 2HCO; —CaCO0ss) + Hy 0 + COyq (21)

In contrast, dissolution by non-carbonic acids, such as sulfuric and
nitric acids, produces DIC without the balancing consumption of at-
mospheric CO, making any subsequent carbonate mineral precipitation
a net source of atmospheric COy (Martin, 2017; Liu et al., 2010, 2011;
Martin et al., 2013).

We use the stoichiometry of carbonate mineral precipitation (Eq.
(21); the reverse of dissolution) to estimate the potential mass of CO,
that could be released by subsurface reactions via the remineralization
of organic carbon (Eq. (1)) and dissolution by non-carbonic acids (Egs.
(2)-(5)) at the Sink-Rise system and during the Madison Blue Spring
reversal. We multiply the median fraction of dissolution from redox
reactions (0.53 + 0.07) by the total calcite dissolution observed at both
sites during this study (92 x 10% + 24 x 10* = 116 x 10* kg CaCO3).
This calculation indicates that between 20 and 30 x 10* kg of CO, is
mobilized by the remineralization of organic carbon and dissolution by
non-carbonic acids. However, not all of the produced CO, may evade to
the atmosphere if some is fixed as organic carbon and buried in sedi-
ments (e.g., the biological pump; Liu and Dreybrodt, 2015; Liu et al.,
2010). In addition, where recharged surface water has sufficient
undersaturation for all observed dissolution (i.e., negative A,q values,
Fig. 5A), mobilized CO; could be less, but we lack data needed to
evaluate this difference.

4.2. ADOC values and possible redox reactions contributing additional
acid

Only one sample with positive A,ciq values had sufficient observed

10
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DO consumption to produce the amount of acid required for dissolution
indicated by ACa®" values (Table 3, sample collected on 12/22/2021).
The observed DO consumption (Fig. 7; Table 3) would need to be 6, 34,
and 5 times greater to produce the A[x] values linked to acid production
from reactions 1, 2, and 3 (Table 1) during the Madison Blue Spring
reversal and for the two Sink-Rise system samples with positive A,ciq
values, respectively. Consequently, anaerobic redox reactions would
also have to produce acids contributing to carbonate dissolution. How-
ever, because all samples evaluated here contained some DO, the
dissolution potential of anerobic redox reactions was not quantified.

Although anerobic redox reactions appear to contribute to dissolu-
tion by production of acid, positive A[x] values for NO3 and SO3~ (Fig. 3
and Table 3) suggest two common anaerobic reactions, denitrification
and sulfate reduction (Eq. (22) and (23) in Table 4), do not occur.
Additional anaerobic acid-producing reactions include fermentation and
humification reactions and the oxidation of organic carbon with humic
substances (Egs. (25)—(27) in Table 4), which would also contribute to
observed DOC losses. Another anerobic carbon reaction that may
contribute acid is methanogenesis (Eq. (24) in Table 4). Methano-
genesis, which can produce CO; (e.g., Ferry, 2011; Mattson and Likens,
1993), has been observed previously at Madison Blue Spring during the
recession phase based on CH, concentrations changes and 8'3C-CH,4
values (Oberhelman et al., 2023b). Conditions must be more reducing
for methanogenesis than for denitrification and sulfate reduction, indi-
cating subsurface redox conditions are heterogenous, likely both
spatially across microenvironments and in time during surface water-
groundwater exchange periods.

Heterogeneous conditions during reversals would result from flow
paths through and temporary storage in various types of pore spaces,
including factures, matrix porosity, and conduits. Heterogeneity of flow
paths and temporary storage will mix water from microenvironments
with diverse redox conditions and overprint the signal of one or more
redox reaction. For example, the insufficient availability of DO for aer-
obic redox reactions and indications of methanogenesis suggest deni-
trification and sulfate reduction occur regardless of the positive ANO3
and ASO%’ values (Fig. 3 and Table 3). Heterogeneous distribution of
redox conditions highlights that only bulk chemical changes are
sampled as recharged river water returns to the surface.

Losses of DO insufficient to explain losses of DOC solely by remi-
neralization (Eq. (1)) suggest other process may also cause DOC loss.
These processes could include adsorption onto carbonate surfaces or to
the iron oxides that are common in the Floridan aquifer (Brown et al.,
2019; Brigmon et al., 1994; Martin, 1990). Iron oxides represent the
most plausible surface for significant DOC adsorption because adsorp-
tion on UFA carbonate minerals is small (0.67 mmol DOC kg’1 rock) and
reversible (Jin and Zimmerman, 2010). In contrast, iron oxides have
high adsorption capacity (Lalonde et al., 2012; Kaiser and Guggen-
berger, 2003), high strength of adsorption (Gu et al., 1994), and new Fe,
Mn-oxides form during surface water-groundwater interactions (Brown
et al., 2019). Unlike adsorption on carbonate surfaces, however, the
amount of DOC adsorbed on Fe,Mn-oxides and their abundance in the
UFA are unknown. The lack of this information prevents a quantitative
assessment of the magnitude of DOC loss to iron oxide adsorption.

4.3. Dissolution rates and precipitation

Dissolution rates reach a maximum when recharged surface water
has an intermediate subsurface residence time of ~60 h (Fig. 8). This
maximum represents the time for the greatest interaction of undersat-
urated water with the aquifer rock as the system approaches equilibrium
with respect to calcite (Fig. 3), thereby decreasing dissolution rates
(Buhmann and Dreybrodt, 1985). In contrast, at short residence times,
particularly in flow-through systems like the Sink-Rise system, large
void volumes limit the amount of contact between undersaturated
recharged water and aquifer rocks, thereby limiting the amount of
dissolution regardless of the initial undersaturation of flood water or the
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Table 4

Chemical Geology 662 (2024) 122229

Anerobic redox reactions that may generate acidity based on reaction stoichiometry.

Eq. # Reaction Name Chemical Reaction

Eq. (22) Denitrification’ (CH20)106(NH3)16H3PO, + 84.8HNO3 — 106CO, + 148.8H,0 + 16NH3 + HsPO3 ™ + 42.4 N,
Eq. (23) Sulfate Reduction® (CH,0)106(NH3)16H3PO, + 53505~ — 106CO; + 106H,0 + 16NH; + H3PO, + 535~

Eq. (24) Methanogenesis‘ (CH30)106(NH3),6H3PO4 — 53CO, + 16NH3 + H3PO4 + 53CH4

Eq. (25) Fermentation' (CH50)106(NH3)16H3PO4 — 35.3CO, + 16NH3 + H3PO4 + 35.3CoHsOH

Eq. (26) Humification' (CH,0)106(NH3)16H3PO4 — 35.3CO; + (C2H50H)35.3(NH3)16H3PO,

Eq. (27) Humic DOM Oxidation” CeH1206 + 12AQDS* + 12H,0 — 6HCO3 + 12AH,QDS** + 6H'

! Mattson and Likens (1993).
2 Wang et al. (2017).

* anthraquinone-2,6-disulfonic acid (laboratory analogue for humic substances).

anthrahydroquinone-2,6-disulfonic acid (reduced form of AQDS).

acid produced in situ by redox reactions. These observations indicate
that residence time of the recharged water in the subsurface is more
important to the magnitude of dissolution than the volume of recharged
surface water or its degree of undersaturation (e.g., Kipper, 2019).

Residence times are likely variable for water recharged during high
flow events at the Sink-Rise system. Longer residence times will occur
for water flowing from the conduit to matrix porosity than water flowing
through the conduits (Fig. 2; Martin et al., 2006; Bailly-Comte et al.,
2010). The water retained in matrix porosity will have greater interac-
tion with matrix rocks, both because of longer reaction times and
because of the greater surface area of the small pore spaces. This
dissolution within the matrix porosity suggests that the residence time
required for maximum dissolution could be greater than our estimate of
~60 h (Fig. 8), which would be an average value for the entire system.

In addition to dissolution, calcite precipitation is indicated by losses
of Ca?" at the Sink-Rise system and correlations between net gains of
DOC and losses of DIC (Oberhelman et al., 2024). Calcite precipitation
has been observed in surface water of Florida spring runs because of
minor changes in saturation state although authigenic calcite deposits
do not form (de Montety et al., 2011). In the subsurface, during base-
flow, shifts in equilibrium may cause precipitation because less surface
water is captured at River Sink, which also tends to be more saturated
with respect to calcite at baseflow, and groundwater that is saturated
with respect to calcite makes up a greater proportion of water in the
system (Fig. 4). Shifts in equilibrium would result from chemoautotro-
phic consumption of DIC, which would lower pCO; driving Eq. (12) in
reverse (Oberhelman et al., 2024). Alternatively, shifts in equilibrium
from decreased pCOy would result from a drop in pressure due to
increased flow velocity as groundwater enters the conduit system from
the surrounding aquifer matrix, which induces gas bubble formation (e.
g., Agnew and Halihan, 2018). Although a majority of our samples
suggest the occurrence of calcite precipitation (Fig. 2), most samples
were collected when stream discharge was below the average of 14.3
m3s~! (24 of 43 samples) at River Sink, while dissolution dominates over
precipitation during high flow events (Moore et al., 2010; Screaton
et al., 2004). These differences indicate our sampling was skewed to-
ward periods of net precipitation.

4.4. Dissolution and surface water-groundwater interactions

Our data suggest that without recharging surface water, existing
spring conduit systems in the UFA would undergo little further disso-
lution. Spring baseflow and well waters, both of which represent
groundwater compositions, are at equilibrium or oversaturated with
respect to calcite (Fig. 4; Martin and Gordon, 2000; Gulley et al., 2013a).
In contrast, median Sl.; values indicate continuous calcite under-
saturation for water in the Sink-Rise system, although calite saturation is
approached during baseflow and undersaturation diminishes down the
flow path. Calcite undersaturation also characterizes recharging surface
water during reversals at Madison Blue Spring. Undersaturation at both
locations is enhanced by acid produced during redox reactions following
recharge and control the evolution of conduit systems in the Floridan
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aquifer (e.g., Gulley et al., 2011).

Calcite undersaturation may also result from mixing of two water
sources with distinct compositions because solute concentrations (Ca%*
and CO3") of the mixture have linear relationships while solute activity
and calcite saturation are related by a power law (—Ford and Williams,
2007; Bogli, 1964). However, mixing models of UFA waters with
different initial pCO, showed little to no undersaturation (Gulley et al.,
2014). In addition, UFA spring conduits commonly have dissolution
scallops on walls indicating formation by water flowing into the spring
system during reversals (Gulley et al., 2011). Dissolution resulting from
mixing UFA waters in spring conduits, which would occur most
frequently during baseflow conditions, would not produce dissolution
scallops indicating an inward flow direction.

The importance of point surface water-groundwater interactions to
dissolution of conduits arises from high primary porosity and perme-
ability of aquifer rock in the eogenetic UFA (e.g., Vacher and Mylroie,
2002; Choquette and Pray, 1970). Diffusely distributed undersaturated
recharge into eogenetic karst aquifers equilibrates with calcite during
recharge through the vadose zone (e.g., Gabrovsek and Dreybrodt,
2010), limiting dissolution in conduits, which are typically 20-30 m
below the water table of the UFA (Brown et al., 2014; Meyerhoff et al.,
2012; Moore et al., 2009; Florea et al., 2007). Where eogenetic aquifers
are confined, undersaturated stream water can be focused into existing
dissolution features as point recharge (Gulley et al., 2013b) and
undersaturation would be enhanced by acid generated from redox re-
actions (Tables 1 and 4). In contrast with eogenetic aquifers, little
dissolution occurred during spring reversals in the telogenetic
Mammoth Cave Karst Aquifer (Kentucky, USA) because low bulk
permeability of the carbonate rock focused flow, limited conduit-matrix
exchange and caused short subsurface residence time (Kipper, 2019).
Contrasting hydrogeologic properties of the UFA and the Mammoth
Cave Karst Aquifer highlights how characteristics of karst aquifer, and
their impacts on the residence time of undersaturated water in the
subsurface, may be more critical to development of secondary porosity
than the degree of water undersaturation.

Although aquifer characteristics contribute to dissolution effects of
recharging water, our results are relevant to dissolution across other
karst systems. Our findings show that enhanced dissolution potential
from acid produced through changes in subsurface redox conditions may
be significant to a range of epigenetic (telogenetic and eogenetic, inland
and coastal) karst systems (e.g., Binet et al., 2022; Gulley et al., 2020;
Gulley et al., 2016; Gulley et al., 2015; Kipper, 2019; Cooper et al., 2016;
Albéric and Lepiller, 1998). In addition, because of rapid kinetics of
redox reactions and slower dissolution kinetics, variation in subsurface
residence time is an important control on dissolution during surface
water-groundwater interactions in carbonate aquifers (e.g., Oberhelman
et al., 2024).

5. Conclusions

Our results indicate that carbonic, sulfuric, and nitric acids produced
by redox reactions during surface water-groundwater interactions in an
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eogenetic carbonate aquifer may cause as much dissolution as can be
attributed to the initial undersaturation of recharged surface waters.
Mass balance estimates of electron acceptors and donors indicate that
both aerobic and anerobic redox reactions contribute acid despite
persistent aerobic conditions at spring vents. Stoichiometry of carbonate
mineral dissolution by nitric and sulfuric acids indicates a net release of
CO; to the atmosphere. The magnitude of the release depends on the
frequency of surface water-groundwater interactions across the car-
bonate critical zone. The rate of calcite dissolution during point surface
water-groundwater interactions shows that depending on the
morphology of the conduit system, the subsurface residence time of
recharged surface water is a more important control on total dissolution
than the volume of surface water recharged and its saturation state.
These point surface water-groundwater interactions are responsible for
most of the dissolution in this partially confined eogenetic carbonate
aquifer. Dissolution by redox-related acids in teleogenetic carbonate
aquifers are less well defined and may be limited by shorter residence
times and little exchange of water between conduits and matrix porosity.
Nonetheless, acid produced by redox reactions, and their links to surface
water-groundwater interactions are important to conduit development
and carbon cycling in the carbonate critical zone.
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