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Abstract
Porous and fractured rocks in the Earth’s upper crust continuously undergo reactive flow, altering their porosity and permeability. In carbonate aquifers, this process may produce extensive karst, with sizeable (often kilometers-long) cave systems. Of special interest are “hypogenic” karst and caves formed by upwelling deep-seated flow with no genetic connection to the surface. Despite its vast economic and environmental importance, hypogenic karst formation remains elusive.  
[bookmark: _Hlk74042283]This work combines geochemical and numerical analysis with field observations to demonstrate that cooling of CO2-rich geothermal flows, upwelling into a confined permeable layer, may induce aggressive karstification and cave forming processes (“speleogenesis”). As the water cools, carbonate solubility increases (“retrograde solubility”), inducing undersaturation, forming caves at relatively short time-scales (dozens of kyr). This process explains the location of observed caves in a presented test field case study, as well as captures the characteristics of cave morphology, and particularly the formation of the maze-like caves, typical for hypogenic karst. From a broad perspective, the findings demonstrate that the Earth’s geothermal heat loss by upwelling of thermal fluids, in conjunction with deep-seated CO2 fluxes, may extensively shape the upper crust, forming sizeable cave systems.
1. Introduction
Large portions of the Earth’s upper crust are dominated by carbonate aquifers, in which fluid flow transports solute and heat, driving the system out of geochemical equilibrium and inducing fluid-rock interactions1,2. The characteristic high reaction rates of carbonates result in significant void-space alterations, ranging from wide diagenetic changes to the development of karstic aquifers with the formation of extensive cave systems (“speleogenesis”)3,4. Positive and negative feedbacks arise between flow and reaction, fundamentally altering the flow processes themselves5–9. These feedbacks are important for a range of different phenomena and applications, such as sustainable management of water resources10,11, geothermal energy usage12, CO2 geological storage13,14, and mitigation of induced-seismicity hazards15.
Historically, the formation of karst and speleological systems in carbonates was attributed entirely to the percolation of CO2-enriched meteoric water (“epigenic karst”). In recent decades it is progressively understood that karst-induced by upwelling of deep-seated flows (“hypogene karst”) is common, and a considerable portion of the known caves are attributed to hypogenic origin. Since these caves form by recharge from below, they are commonly isolated, with no direct genetic link to the surface11,16,17. 
Despite the abundance of hypogene processes and their wide hydrogeological implications, the formation process of hypogenic karst remains enigmatic16,18. A variety of dissolution reactions may be involved, mostly encompassing low-pH fluids as carbonic, sulfuric, or organic acids. Furthermore, various scenarios were suggested for producing fluid reactivity, including undersaturation induced by mixing of saturated solutions of different compositions (“mixing corrosion”) arising due to cross-formational flow, or processes involving water condensation on the rock walls above the water table (“condensation corrosion”). The later can be highly aggressive if induced by sulfuric vapors19–24. 
[bookmark: _Hlk81471899]Additionally, because hypogenic caves form in regions of upwelling of thermal fluids, it was suggested that dissolution may be driven by the cooling of thermal groundwater (e.g., ref. 25). Dissolution by cooling of thermal groundwater is attributed to the retrograde solubility of carbonate minerals, whereby their solubility increases as the water cools. However, this mechanism was often argued to play a minor role in speleogenesis and to only contribute to diffuse and dispersed enhancement of porosity26–28. The present work focuses on this mechanism, demonstrating that previous calculations have underestimated the speleognetic potential of cooling geothermal fluids in carbonates. 
A still open question is whether the hypogene speleogenesis process may also be linked to the variety of observed natural cave morphologies and intricate patterns, whose details of formation are still enigmatic17,28–31. Unraveling the underlying physics and resulting cave morphologies is a scientific challenge that may provide a key to the understanding of hypogenic karstification.
This study examines carbonate dissolution driven by cooling geothermal flow, using diverse perspectives: first, geochemical analysis demonstrates that retrograde solubility can produce a highly aggressive karstification process. Next, a case study of a group of hypogene caves32 in a confined carbonate aquifer is used as the basis for the development of a conceptual and numerical model. Model results highlight optimal conditions for rapid development of localized dissolution and speleogenesis under cooling geothermal flow in carbonates. Lastly, we demonstrate, using a network model for dissolution along a bedding horizon, that the resulting cave morphologies are of a maze-like character, typical for hypogenic caves. In a wider context, the findings demonstrate that geothermal fluid upwelling, in conjunction with deep CO2 fluxes, may shape and extensively karstify carbonate aquifers in the upper crust, with the formation of sizable speleological structures.
2. The conceptual model
Our conceptual model involves groundwater flow that circulates in deep aquifers (>1 km), where it is heated and the fluid becomes considerably enriched with CO222,27,33. Under favorable hydrological conditions, this hot groundwater may upwell through permeable sub-vertical faults and fractures, driven by artesian or tectonic pressures and buoyancy forces18,27. Such upwelling often occurs in a pipe-like manner, either at fault or fracture plane intersections34–37 or at flow conduits that naturally occur on rough surfaces of fractures38,39. Rapidly ascending fluids will maintain their heat and temperature until they reach a flow barrier, e.g., a shallower aquicludic layer stratum. At this point, beneath the aquiclude, the flow will be diverted sideways radially into a permeable bedding horizon of aperture h in a soluble layer3,40,41. The radial flow in the horizon cools rapidly by transferring heat to the bedrock below and caprock above. Due to the retrograde solubility of carbonates, the rapid cooling leads to a large increase in calcite solubility product, and hence, the solution becomes undersaturated. This in turn, induces localized dissolution, which over time produces a large cave surrounding the inlet (cave feeder; Fig. 1).
The conceptual model described above is consistent with the configuration and morphological features of our case-study group of caves. The group comprises dozens of extended caves located along the monocline system of the Syrian arc adjacent to the Dead Sea transform in Israel. Rooted large faults at the base of the monoclines are assumed to facilitate upwelling of thermal flow, as further supported by hydrological and geochemical evidence32,42. The caves are commonly developed along prominent bedding horizons in limestone formations and overlay thick (>400 m) carbonate succession of mainly massive limestone and dolostone. The cave-forming rock layer is overlaid by low permeability layers comprising mainly soft chalk and limestone-rich in marl horizons. Speleogenesis patterns involve commonly maze-like forms and also chamber caves43. The maze caves were developed by a relatively uniform dissolution of the network of conduits formed at the intersection of the horizon and subvertical fracture network.
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Fig. 1. The conceptual model of thermal speleogenesis (a) and case study example (b). (a) Thermal and CO2-enriched groundwater upwells through faults and fractures (red arrows and black line), upon approaching a confining low-permeability layers, flow is diverted sideways to the permeable bedding horizons in a soluble layer (dashed lines). While the flow through the fault is channelized through a conduit pathway it does not lose much of its heat. However, when it is diverted to flow radially in the horizon, it cools rapidly by transferring heat to the rock (gradient color arrows). The rapid cooling leads to a large increase in calcite solubility and solution undersaturation and inducing localized dissolution and speleogenesis (black circles). (b) A series of hypogene caves, located near Jerusalem, Israel. Beige lines highlight the borders of the main karstified limestone layer, with caves along bedding horizons and fractures (see magnification); the confining low permeability layer is located above.
The deep-seated groundwater upwelling is assumed to originate from a vast sandstone aquifer as it also contemporarily locally occurs (1-2 km), though shallower origin from carbonate aquifer cannot be excluded (<1 km). The speleogenesis duration is constrained by dated tectonical and hydrological events to a rather large time span, of the order of millions of years (Oligocene–early Miocene). Its termination is associated with Neogene uplifting and deepening of the Dead Sea transform, which led to the disconnection of the far-field groundwater flow, water level drop, and cave dewatering. Further details and a complete description of the caves and the geological setup can be found in ref. 32 and the references therein.
3. Geochemical and mathematical analysis 
Here, analysis using the geochemical PHREEQC code is applied to estimate the dissolution capacity of cooling thermal water (section 4.1). The results of the geochemical analysis are then incorporated in numerical modelling of (I) heat transport and dissolution in a confined bedding horizon (“Axisymmetric horizon dissolution model”, AHD model), and (II) investigation of channelized dissolution and cave pattern formation using a network model. The AHD model is described in section 3.1, while the network model is described in section S5 in the Supporting Information (SI).
3.1. Axisymmetric horizon dissolution model
The conceptual model (section 2) is next portrayed by a simple physical system (Fig. 2). We consider fluid discharge through a central inlet of radius r0, accounting for the channelized upwelling. The fluid enters radially into a permeable bedding horizon at a constant temperature, Tin, and flow rate, Q. In the horizon, uniform flow and dissolution and axisymmetry are assumed (channelized flow and dissolution are considered in section 4.4.2). Furthermore, flow in the upper caprock and lower bedrock are neglected, assuming orders of magnitude contrasts in permeability11,44. 
Conductive geothermal heat flux and the initial geothermal gradient are assumed negligible compared to the fluid heat input. We further assume that the vertical extent of the domain is relatively large so that the heat transfer to the surface is limited.  Otherwise, the cooling rate will be larger and dissolution and speleogenesis even more localized near the inlet. 
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Fig. 2. The numerical AHD model geometry (a), and close-ups showing heat transport in the horizon (b) and the surface reaction (c). (a) Fluid discharges from a pipe through an inlet of radius r0 (redpoint) with total flow rate, Q, and temperature, Tin. The flow is distributed radially, where it cools by transferring heat to the bedrock and caprock (color gradient arrow). (b) As the fluid cools, saturation concentration, cs(T), increases, inducing carbonate dissolution. Heat transport is governed by conduction in the rock and by the advection-conduction equation in the fluid, with heat exchange term accounting for conduction between the rock and fluid, Θ. (c) Similarly, solute transport is calculated using an advection-diffusion-reaction equation. For reaction, we assume a fully transport-limited reaction that depends on the mass transfer coefficient, k(h). 
Closed-system conditions are assumed and that the fluid pressure, p, in the confined aquifer is higher than the thermal water CO2 partial pressure (PCO2), such that no degassing takes place. Under unconfined conditions degassing of CO2 close to the water table can diminish undersaturation and can lead to supersaturation and precipitation21,45,46. Because the cavities are formed as isolated voids the overall permeability of the system is not altered considerably, allowing us to assume constant flow rate discharge27. Such an assumption breaks down only when dissolution approaches the surface outlet, i.e., a breakthrough is achieved47.
Section S3 (SI) presents a theoretical analysis for dissolution in a uniform horizon as a result of heat exchange with the rock and fluid cooling. This analysis is then used to validate the numerical model presented here and implemented in a finite-difference code (see sections S4 and S2.3); the physical parameter notations and values are given in Tables S1 and S4, respectively.
3.1.1. Heat transport
Heat transport in the rock, confining the horizon above and below (Fig. 2), is governed by the heat equation, which in polar coordinates takes the form,   

where T is temperature, t is time, and r and z are the radial and vertical coordinates, with their origins defined at the inlet. αr=Kr/ρrCpr is the thermal diffusivity where subscript r denotes rock and K is thermal conductivity, ρ density and Cp the heat capacity48.
Assuming heat transport in the horizon is governed by advection and conduction, and complete mixing along the horizon aperture, “depth-averaged” heat transport equation can be written as, 

where h is the aperture, q is the fluid velocity integrated over h [L2/T] and calculated from the total volumetric flow rate, Q, using q=Q/(2πr), αf is the fluid thermal diffusivity26,49. Θ accounts for the heat exchange with the bedrock and caprock and calculated using Fourier's law,

The complete mixing approximation can be posterior validated and is justified since transverse temperature gradients in the horizon remain relatively small throughout speleogenesis. 



3.2. Reactive transport
The depth-averaged solute transport advection-diffusion-reaction equation is,  

where c is the (depth) averaged dissolved calcite ions concentration, D is the molecular diffusion coefficient and Ω is the reaction term50,51. In Eq. 4 transient terms are neglected and the quasi-static approach is justified by the separation of time-scales between mineral dissolution and flow and solute concentration relaxation (ref. 52 and the references therein).
[bookmark: _Hlk70484651]Here, the initial PCO2 is relatively high and kinetics is rapid and the rate-limiting step for the reaction is the diffusion of reaction products away from the mineral surface so that undersaturation is sustained26,53,54. Ω is proportional to the difference between cs (c at calcite saturation or equilibrium at the given conditions) and c and defined as,

where k(h) is the mass transfer coefficient that is inversely proportional to the aperture, h, ε is a geometrical correction term, which accounts for the aperture inclination that develops following dissolution and the factor of 2 accounts for the upper and lower surfaces. The complete derivation of Eq. 5 and its justification are provided in section S2 (SI).
The saturation concentration, cs, depends on the temperature, cs(T), and is represented as a Taylor expansion, accounting for retrograde solubility, 

using the constant β evaluated from the data presented in section 4.1 and T0 is the reference (ambient) temperature. Last, the change in the horizon aperture can then be calculated using,

where ν is stoichiometric constant and csol is the soluble solid concentration within the solid rock.
3.3. Initial and boundary conditions
[bookmark: _Hlk83730312]The initial conditions are constant temperature, T0=20 oC. The boundary conditions at the horizon inlet (r=r0) are constant volumetric flow rate, Q, of fluid that has a temperature of Tin=60 oC and initially no undersaturation, θ=0, where θ=(cs(T)-c)/∆cs0 and ∆cs0=cs(T0)-cs(Tin). Here, we model conditions of a large domain, such that no substantial heat transport takes place near the boundaries and affects the results (r→∞ and |z|→∞). In practice, the extent in z and r is set to 1 km.  At the upper surface, constant temperature T0 is set and at the horizon outlet (r=1 km) the temperature and concentration are calculated from thermal and solute conservation equations (Eq. 2 and 4; free-flow boundary); the rest of the boundaries were assumed as thermally insulating with zero conductive flux. 
4. Results and discussion
4.1. Geochemical analysis
Groundwater compositions encountered in deep-seated aquifers commonly demonstrate that PCO2 is approximately in equilibrium with the given rock composition, temperature and pressure conditions. This equilibrium is promoted by the large CO2 fluxes originating, for example, from magmatic fluxes and organic matter decomposition33,55–57. PCO2 is typically much higher for pore-water in sandstone and carbonate aquifers compared to crystalline aquifers33. 
[image: ] Fig. 3. (a) Theoretical predictions of the dependence of PCO2 on temperature, for clastic sandstone (red line) and carbonate (blue line) confined aquifers and range of field data for sedimentary aquifers (carbonate and clastic rocks, brown region; modified after ref. 33,57). For T≳30 oC pore-water PCO2 becomes progressively higher in sandstone aquifers compared to carbonate aquifers and PCO2 can be higher than 0.5 MPa for T≳85 oC (marked by dotted lines). (b) Thermodynamic calculations of calcite concentration at saturation vs. temperature, cs(T), for different initial PCO2 values. Calcite retrograde solubility is sensitive to initial PCO2; the higher the initial PCO2 the larger the cs and the potential of the fluid to induce aggressive dissolution. Here, inlet fluid temperature of Tin=60 oC is considered in the numerical calculations and marked by dashed lines. The chemical composition of aquifer water and the rock are presented in Tables S2 and S3 (SI).
In Fig. 3a are provided theoretical predictions of PCO2 for sandstone (red line) and carbonate (blue line) aquifers obtained using PHREEKQC (v.3.7.0)58 and range of field data for sedimentary aquifers (i.e., carbonate and clastic rocks, brown region)33,57. In the calculations, a confined aquifer and closed system conditions are assumed, and representative values of fluid pressure and compositions are used and given in Tables S2 and S3 (SI). For slightly elevated temperatures (T≳30 oC) PCO2 becomes progressively higher for sandstone aquifers compared to the carbonate ones. 
The curves for calcite concentration at saturation vs. temperature, cs(T), for different values of PCO2, demonstrate a large sensitivity of calcite retrograde solubility to PCO2 (Fig. 3b). Thus, cooling water with high initial PCO2 leads to considerable calcite undersaturation as indicated by the substantial increase in cs. Accordingly, for water from sandstone aquifer of a temperature of 60 oC (1.5-2 km depth) and PCO2≈0.03 MPa that upwells and discharges to a shallow aquifer and cools to 20oC, the saturation concentration can change by cs(T=20 oC)-cs(T=60 oC)≈3 mmolal. In carbonate aquifer, PCO2 at these conditions is PCO2≈0.01 MPa and cs(T=20 oC)‑cs(T=60 oC)≈1.5 mmolal (see dashed lines in Fig. 3b). For comparison, in epigenic karst conditions under atmospheric pressure typical value is cs=2 mmolal59, demonstrating that these conditions favor karst formation. 
Furthermore, the available field data show that in sandstone pore-water PCO2 can be as high as 0.5 MPa for temperatures ≳85 oC and cs can change by more than 12 mmolal when cooled to 20 oC (see dotted lines in Fig. 3). At these conditions, a relatively small seepage of Q=1 m3/day of cooling water, will dissolve 1 cubic meter of limestone rock of density ρr=2400 kg/m3 within ~5 yr and potentially can form a cave during a period of several hundreds of years. The upwelling of thermal groundwater from sandstone formations following long-range migration to shallower strata and carbonate aquifers is a common scenario60, which likely occurs for our case study in Israel (see section 4.3). However, the large time-scales of millions of years associated with hypogene karstification16,32 also permits speleogenesis with relatively low PCO2 (e.g., 0.001 MPa) and small temperature decrease of only a several degrees. 
In summary, this analysis indicates that carbonate dissolution due to cooling and retrograde solubility can be a major and sometimes a highly aggressive karstification process that can possibly form cave systems over relatively short time-scales.
4.2. Cave formation by localized dissolution 
The results obtained by solving the coupled equations 1-7, in the setting of Fig 2, show that upon flowing in the horizon, groundwater cools quickly (from 60 oC at the inlet to 25 oC at r=10 m; Fig. 4a). The quick cooling is promoted by the conditions of a localized source of low discharge48, hence the fluid reaches quasi-steady state after ~50 yr. The fluid is hot and fully saturated at the inlet, c=cs(Tin), and undersaturation, θ, then grows downstream and forms a characteristic convex shape (Fig. 4b). Undersaturation along the flow path is controlled by the interplay between (I) reaction that acts to reduce undersaturation, (II) progressive cooling that renews reactivity by elevating cs, and (III) advection that transports reaction products away and sustains undersaturation, its effect decaying as 1/r.
Close to the inlet, the high advection and cooling rates lead to a buildup of undersaturation. Further downstream, cooling and advection rates are much lower, and undersaturation decreases due to the dissolution reaction. Accordingly, the cave profile develops a pronounced maximum few meters away from the inlet point (Fig. 4c). Over time, following aperture, h, grow, a slowing rate of diffusion across the aperture also dampens the reaction. In turn, the slower reaction leads to the further buildup of undersaturation, with its maximum migrating progressively downstream (arrow in Fig. 4b).
[image: ]
Fig. 4. Evolution of temperature, T, solute undersaturation, θ, and aperture profile, h, at the horizon along the radial direction, r. (a) Upon flowing into the horizon, the water quickly cools; the temperature curves overlap showing a relatively brief (~50 yr) approach to a quasi-steady thermal state. (b) Fluid cooling leads to a large increase in undersaturation, which first peaks and then decreases downstream due to the dissolution reaction. (c) Accordingly, the cave profile develops a pronounced maximum a few meters away from the inlet. In addition, as the cave widens (i.e., the growth of h with time) dissolution reaction becomes hindered by diffusion resulting in a gradual increase in undersaturation with its maximum moving progressively downstream (arrow in (b)).     
The flow rate magnitude, Q, has an important effect on karstification, affecting the aspect ratio of the void created as a result of dissolution. We define the degree of dissolution focusing, η=hp/lv, as the ratio between the maximum (peak) aperture, hp, and the inner length of the void, lv, calculated from the interval in which h>1.01h0 (Fig. 5). Lower flow rates elevate η, producing increasingly localized dissolution with time (measured here by the total fluid volume discharge, Vf=Qt). Higher flow rates result in a lower η (more elongated void) due to a twofold advective effect: (I) heat is transported further downstream, leading to more gradual cooling and renewed reactivity, and (II) undersaturated fluid has lower residence time and is flushed further away down the flow path, sustaining dissolution to a greater distance from the inlet. 
The evolution of η shows a power-law dependence on the total volume of fluid discharged, Vf, and inverse proportionality to the flow rate, η(Q)=(a/Q)Vfτ, with the constants a and τ (inset in Fig. 5). Our results emphasize that speleogenesis (high η) favors low flow rates, otherwise only diffuse aperture change, or diagenetic alterations develop in the aquifer61–63. Low flow rates are also often associated with the upwelling of thermal flows from depth (>1 km) and thermal seepages and springs discharge17,60,64,65. 
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Fig. 5. Degree of dissolution focusing, η, vs. fluid volume discharge, Vf=Qt, for different flow rates, Q, between t=1 to 20 kyr. η=hp/lv, where hp is the maximum aperture and lv is the inner length of the void, calculated from the interval in which h>1.01h0. Lower flow rates lead to a progressively larger η and localized dissolution, as demonstrated by the 3-D visualizations of the cavities after 20 kyr; axis origin is located at the center and vertical dimension, h, is rescaled by a factor of 30 relative to length. The log-log plots in the inset show the power-law fits (gray dashed line), η(Q)=(a/Q)Vfτ with a ranges between 1.45x10-4 to 1.8x10-4 and τ=0.2. 
The results demonstrate that the time-scale of speleogenesis and formation of human size passages due to cooling of CO2-rich geothermal flow is several dozen of thousands of years. This time-scale will change with the assumed value of PCO2. However, this indicates that the time-scale of speleogenesis at these conditions is comparable to the typical epigenic speleogenesis time-scales3,28 and can often be even shorter. This is in contradiction to the earlier estimates suggesting that hypogene speleogenesis requires exceedingly long time-scales (e.g., ~1 Ma)17,28. Specifically, early calculations of dissolution by rising thermal waters (ref. 28, pp-18), assumed rather low values of cooling rates and thermal gradients (5 oC/100 m). These led the author to conclude that “only under the most favorable conditions can dissolution by cooling of thermal water produce caves of traversable size. Even then, times on the order of 105 to 106 yr required.”.
4.3. Confined speleogenesis and the case study 
The geometrical configuration of the caverns in mathematical model is compatible with the field observations in our case-study, demonstrating the formation of caves under confined conditions. For localized dissolution and speleogenesis to take place, both a substantial geochemical driving force and an appropriate hydrogeological setup need to exist. The hydrogeological conditions that facilitate speleogenesis are (I) channelized upwelling flow through a fault thanks to which the groundwater remains hot; (II) aquifer confinement that promotes rapid cooling by a transition from channelized upwelling flow to lateral radial flow in the horizon and substantial heat exchange with the rock, as seen in Fig. 1; (III) relatively low groundwater discharge that promotes localized dissolution and cave formation. Continues low discharge is ensured by isolated caves, with no connection to the surface, so that the overall system permeability and fluid flux do not appreciably change during speleogenesis27. 
Conversely, it was shown that when thermal flow upwells through a fault and discharges to the surface (i.e., unconfined conditions) advection rate increases with dissolution. This occurs either due to overall system permeability and flow rate increase26 or by the development of localized dissolution channels where advection rate is high49. In turn, the high advection rate leads to the formation of low thermal gradients and promotes more gradual dissolution along most of the fault or channels, and only towards the surface the cooling rate increases and dissolution rate becomes high. However, it is not clear if in most instances under typical PCO2 a cave can form at shallow depth, because of the CO2 degassing, and consequently solution supersaturation and precipitation that often take place in proximity to the surface16,21. In fact, the upwelling of the flow, underlying the hypogenic processes, inherently implies a certain degree of hydrogeological confinement because of the ubiquitous layered heterogeneity in sedimentary basins. Consequently, confined conditions are frequent and are rather the rule for most hypogenic karstifications27.
In terms of the origin of upwelling flow and geochemical driving force, we note that the case study caves are assumed to form by upwelling from clastic sandstone aquifer32,66. This aquifer is deeper (and hotter) than the carbonate aquifer and was shown here to be associated with substantially higher PCO2 (section 4.1 and Fig. 3a). Nevertheless, the possible long time span of speleogenesis and the commonly large time-scale associated with tectonical and hydrogeological processes (on the order of 105 years and longer) does not permit to exclude the shallower carbonate aquifer origin of the upwelling groundwater. Particularly, the large time-scale permits the formation of the caves even by geothermal waters that are only a few degrees warmer than the temperature of the surrounding rock masses. Additionally, especially large and spacious cave systems in the case study group are presumably associated with large time spans or alternatively high reactivity flow. These large voids can also become mechanically unstable and associated with documented large collapses and sinkholes67,68.
4.4. Cave’s morphologies and pattern formation
[bookmark: _Hlk83823728]The analysis in previous sections demonstrates the feasibility of a mechanism of cave formation by confined thermal flows. This section investigates more detailed characteristics of the cave’s morphologies. First, we present and discuss observations regarding the characteristic shape of the caverns predicted by the AHD model, with the maximum aperture located away from the feeder (Fig. 4c). This is followed by a brief analysis of the cave passage patterns formation. There are smaller-scale morphologic features (meso-morphology) that are characteristic of hypogene processes, e.g., smooth walls, cupolas, and solution pockets27,32,43. However, here we do not focus on such features, as these, in many instances, do not comprise accurate and conclusive indicators for specific processes17,27,69.
4.4.1. Characteristic cave profile
In the group of caves under investigation, cave feeders in most locations cannot be identified since they are covered by debris and sediments. Below, we present two unique observations of hypogene karst caves in Israel, in a similar setting to our case study (Fig. 6). In these caves feeders are identified, allowing a direct comparison of the cave morphology to the results of section 4.2. 
Cave (a) includes feeders and dissolution features along a prominent oblique fracture or fault (red dashed line), comprising the backbone of the three-dimensional maze cave66. While feeders and dissolution along the fracture are clearly seen in many parts of the cave, the largest chambers and their ceiling peaks (A.1-5) are prominently located several to 20 meters away from the fracture and feeders (Fig. 6a). Similarly, observation in the cave (b) demonstrates a characteristic convex profile with the most spacious region appearing ∼10 meters from the inlet and diminishing passage sizes further downstream, see plan-view and respective vertical profile a-a’ in Fig. 6b70. 
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[bookmark: _Hlk69014958]Fig. 6. Morphology of two hypogenic caves with identified feeders. (a) In Ashalim cave, feeders are visible at the lower level along a fracture (dashed red line). The largest chambers (A.1-5) and their ceiling maximal height are prominently located several to 20 meters away from the fracture and feeders; gray zones mark overlapped lower levels66. (b) Berenike Cave upper level in plan-view (above) and its vertical profile a-a’ (below). The largest hall (B.1) is located ∼10 meters away from the feeder (red region) and cave morphology has a convex shape profile with passages size gradually decaying downstream70.
In other caves from our case study group feeders are rarely identified, and morphological characteristics associated with dissolution by thermal flows possibly can be observed. However, these features are less clear, e.g., due to morphological reshaping by mechanical collapses and sedimentation71.
4.4.2. Maze pattern formation
Hypogene caves are often characterized by intricate maze or sponge-like patterns with many closed loops, which are formed by relatively uniform dissolution of the pre-existing void-space, commonly angular fracture networks11,17,27. This is in marked contrast to the common epigenic branchwork caves formed by competitive dynamics9,72. Several mechanisms for maze caves genesis were previously suggested and studied for different hydrogeological setups, including epigenic and hypogenic origins (see summary in ref. 17,28). These, among others, include uniform floodwater flow into fracture networks, e.g., by a sinking stream73,74, or by distributed ascending groundwaters through the cave-forming layer, which enlarges uniformly the fractures and forms a maze pattern (“the transverse hypogenic cave origin model”, THCOM16,75–77).
THCOM assumes a soluble rock layer sandwiched between permeable but insoluble strata and recharge from below. The insoluble strata sustain distributed flow and precludes channelized flow that may develop in soluble rock due to preferential dissolution. The flow is then predominantly vertical and distributed, discharging via multiple feeders and leads to enlargement of all major fractures in the soluble rock at comparable rates. A prominent case-study example for the THCOM are the giant gypsum caves in Ukraine17,78. The THCOM setup requires a confined soluble layer between permeable and insoluble layers, and it cannot explain the formation of caves in aquifers confined by impermeable caprock layer, as in our case study. Nor can it explain the formation of the caves in soluble carbonate rock successions, which remains largely obscure17,32. The inapplicability of THCOM to our case study is also evident from the lack of multiple ceiling and floor feeders, which are invoked in the THCOM.
[image: תמונה שמכילה טקסט
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Fig. 7. Caves with the characteristic maze-like pattern ((a) Chariton and (b) Qina)32 and (c) simulation results using a network model for dissolution by cooling and retrograde solubility in fractured bedding horizon. Simulations produce a typical maze-like pattern characterized by many closed loops over 43 kyr; only passages of one-meter width or larger are shown. Fig. S3 and Fig. S4 (SI) show the initial fracture distribution and the progression of speleogenesis up to the final state shown in (c).
Here, we present an additional model, extending the AHD model presented in section 3.1, to demonstrate maze cave formation by the radially cooling geothermal flow. This model simulates point injection of geothermal flow to a dissolving network of conduits in a fractured bedding horizon, due to cooling and retrograde solubility (see section S5 (SI) for details). In running the model, we exploit the fact that the temperature distribution is to a good approximation time-invariant, as demonstrated in section 4.1. 
The most prominent attribute of the maze pattern, compared with other speleological patterns such as the common epigenic branchwork caves, is the appearance of many closed-loops17. This is seen in the plan-views of the caves (Fig. 7a and b) and in the corresponding simulation results (Fig. 7c). The maze pattern captured by the simulations was obtained with a relatively low flow rate, Q=2 m3/day, characteristic of thermal flows and seepages17,60,64,65. This result demonstrates the formation of maze-caves without diffuse infiltration through an insoluble layer as commonly suggested17,27,28,77,79, and the inherent tendency of confined artesian flows to develop maze caves in carbonate rock successions.  
An additional prominent phenomenon observed in the simulation results is the merging of adjacent passages in some areas to form merged halls (bulky black regions, Fig 7c), which can explain the formation of some of the prevalent halls encountered in maze caves (see e.g., Fig. 7a and b)32. 
5. Summary and Conclusions
The geochemical analysis suggests that due to a high initial PCO2 and the retrograde solubility of carbonates, cooling of deep-seated geothermal flow can produce highly aggressive solutions and hypogene karstification. The numerical analysis further reveals that when such a channelized upwelling flow discharges to a confined aquifer it promotes localized dissolution and speleogenesis. The localized dissolution is promoted by continuous low flow rate discharge, typical to upwelling thermal flows. In contrast to previous estimations, it is shown that such a process can commonly form a cave at relatively short time-scales of several dozens of kyr. 
[bookmark: _Hlk82938492]Dissolution by this process can further explain the location of the caves and major characteristics of hypogene cave morphologies observed in nature. The model predicts that maximal dissolution rate is attained a few meters downstream from the inlet, for which corresponding field observations are presented. Moreover, the maze-pattern caves, typical to hypogene speleogenesis, are shown to be formed under confined conditions and in carbonate rocks successions, which have not been explained by previous models. Under these conditions, thermal water can flow from a vertical inlet into the network of conduits in a bedding horizon and create a maze cave by lateral flow which does not escape upwards.
From a broad perspective, the study emphasizes the link between global geothermal heat and the global carbon balances: the Earth’s geothermal heat loss in conjunction with the large deep-seated CO2 fluxes induce transformations of the upper crust carbonate strata and form extensive speleological systems, which in turn affect back CO2 fluxes. 
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