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Deep-sea carbonates constitute the primary deep carbon reservoir, playing a critical role in regulating the long-term global carbon cycle. Reconstructing the temporal evolution of carbonate flux to the seafloor requires estimating the changes in carbonate compensation depth (CCD), a key proxy, revealing the depth where the rate of calcium carbonate supply from biogenic ooze equals the rate of dissolution. However, regional CCD estimates across the Pacific, the deepest and largest ocean basin, remain poorly constrained, except for the eastern equatorial region. Here, we present six new regional reconstructions of the CCD across the Pacific Ocean, using a linear reduced major-axis regression of the carbonate accumulation rate (CAR) versus paleo-water depth, that include the effects of dynamic topography and eustasy. The CCDs show significant fluctuations of ∼1–1.2 km across the Pacific over the Neogene. Regional CCD models since the early Miocene suggest the influence of climate perturbations, Antarctic ice-sheet growth, and Pacific gateway reorganization on Pacific deep-water circulation and carbonate production. The western Pacific CCD shows a distinct deepening after ∼24 Ma, not seen in the eastern tropical Pacific, which we interpret as a delayed consequence of changes in deep water circulation in response to the expansion of the West Antarctic ice sheet into the marine realm at ∼26 Ma. Our models also reveal two significant late Miocene events, the carbonate crash and biogenic bloom, across both the western and eastern equatorial Pacific. However, a ∼1 Ma lag is noted for both events in the western tropical CCD, likely attributed to the successive effects of Panama Gateway constriction and shifts in the Western Pacific Warm Pool, respectively. The absence of the carbonate crash event from the western North Pacific reflects the regional nature of this event, predominantly influencing the Pacific equatorial region. Our analysis offers new insights into regional CCD variability across the Pacific Ocean and can be used to evaluate the evolution of deep-sea carbonate carbon reservoirs in the context of the long-term carbon cycle.
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1 INTRODUCTION
The burial of marine planktic organism remains on the seafloor represents the capture and storage of carbon from the atmosphere, and a significant component of the long-term carbon cycle (Ridgwell and Hargreaves, 2007). A recent study indicates that carbon sequestered through pelagic sediments has become the dominant source of the deep carbon cycle since the early Cenozoic, peaking at ∼277 Mt C/yr of carbonate carbon flux at present, out of a total deep carbon input of 311 Mt C/yr across the oceanic plate system (Müller et al., 2022). These computations are based on the global carbonate compensation depth (CCD) estimates of Boss and Wilkinson (1991). The CCD is defined as the water depth at which the supply of carbonate is balanced by its dissolution, leading to the absence of carbonate-bearing sediments below the CCD (Lyle, 2003; Rea and Lyle, 2005). The amount of carbonate deposited in deep-sea sediments over time is critically linked to CCD variations over geological time because the position of the CCD determines the area of seafloor available for carbonate sedimentation (Dutkiewicz et al., 2018). Factors affecting carbonate burial, such as ocean saturation state and alkalinity feedback, the biological pump, and atmospheric CO2, exhibit strong links to CCD shifts (Xiao et al., 2024). All these factors result in significant variability of the CCD between ocean basins (e.g., Campbell et al., 2018; van Andel, 1975; Xiao et al., 2024). For example, Campbell et al.’s (2018) results indicate that the CCD has varied by ∼300 m in the equatorial Pacific Ocean since the Pliocene, whereas the equatorial Indian Ocean has experienced fluctuations of ∼1 km during the same period. Recent reconstructions of regional CCDs within the Atlantic Ocean demonstrate that the CCD can differ contemporaneously by as much as 1.2 km even within a single ocean basin due to regional variabilities in productivity and ocean chemistry (Dutkiewicz and Müller, 2022). This highlights the importance of regional CCD reconstructions for robust calculations of deep-sea carbonate storage across the global ocean, which provide significantly more accurate inputs for solid Earth carbon cycle modeling (e.g., Müller et al., 2022). To date, such detailed computations have only been carried out for the Atlantic Ocean (Dutkiewicz and Müller, 2022).
The Pacific occupies a vast area of the Earth’s total surface covered by oceans, and plays a critical role in the recycling of carbon via its associated network of subduction zones (Müller et al., 2022). Yet, despite its latitudinally-variable accumulation of carbonate (Lyle, 2003) related to productivity (Pennington et al., 2006), upwelling (Gray et al., 2018), oceanic gateway configurations (Straume et al., 2020), geochemistry (Ma et al., 2018) and deep water circulation (Yin et al., 2022), our understanding of regional long-term variations of the CCD and carbonate flux throughout the Pacific is incomplete. The eastern equatorial Pacific is the only region that has been extensively studied (e.g., Campbell et al., 2018; Komar and Zeebe, 2021; Leon-Rodriguez and Dickens, 2010; Pälike et al., 2012; Rea and Lyle, 2005; van Andel, 1975), exhibiting slightly divergent CCD reconstructions for this region spanning the Cenozoic. Limited low-resolution CCD reconstructions based on a small number of deep-sea drill sites also exist for the northwestern Pacific (Rea et al., 1995) and the southeastern Pacific (Rea and Leinen, 1986). However, in the absence of regional CCDs, the high-resolution CCD of Pälike et al. (2012) in an unusually high-productivity region of the eastern equatorial is usually taken to represent the entire Pacific. Here, we present new CCD reconstructions for six regions of the Pacific spanning the Neogene and examine the influence of climate and oceanography changes on carbonate burial and CCD variability over time. The new CCD models will improve constraints on deep carbon cycling computation across the Pacific Ocean.
2 METHODS AND PROCEDURE
2.1 Drill sites and data sources
Our analysis uses 92 scientific ocean drilling sites from the Pacific Ocean (Figure 1), comprising 44 Deep Sea Drilling Project (DSDP) sites, 40 sites from Ocean Drilling Program (ODP) and 8 sites from Integrated Ocean Drilling Program (IODP). Drill sites are primarily located on oceanic crust, with nine sites on continental crust at water depths greater than 1,100 m (Supplementary Material, Table 1). These were chosen based on complete data availability consisting of good core recovery, reliable age-depth models, CaCO3 content, and dry bulk density measurements from http://deepseadrilling.org/, http://www-odp.tamu.edu/ and http://web.iodp.tamu.edu/LORE/ databases (accessed November 2022–July 2023). Age-depth models were obtained from the Neptune Sandbox Berlin (NSB; https://nsb.mfn-berlin.de/, Renaudie et al., 2020; accessed January–March 2023). The NSB data are also available as an archive at https://zenodo.org/records/10057363. For drill sites where the NSB database lacked age-depth models, age-depth plots from Lyle (2002) and initial reports were used. All age-depth models were converted to the Gradstein et al. (2020) timescale. All input data files are available via https://doi.org/10.5281/zenodo.15116747 and the digital supplement.
[image: Figure 1]FIGURE 1 | Location of 92 sites drilled by the Deep Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), and the Integrated Ocean Drilling Program (IODP) in the Pacific Ocean used in this study. Black dashed lines define six regions for which we reconstruct the carbonate compensation depth (CCD). Elevation from ETOPO1 global relief model (https://www.ngdc.noaa.gov/mgg/global/; Amante and Eakins, 2009). Mercator projection.
TABLE 1 | Comparison of published present-day CCD reconstructions and this study.
[image: Table 1]Significant portions of the South Pacific and central North Pacific have not been sampled because scientific ocean drilling expeditions predominantly focus on deep basins with high probable carbonate content (Wade et al., 2020). Hence, our study includes relatively few deep-sea drill sites from these regions.
2.2 CCD reconstruction
In order to reconstruct the regional CCDs, we split the Pacific Ocean into six regions (western North Pacific, eastern North Pacific, western tropical Pacific, eastern equatorial Pacific, western South Pacific and eastern South Pacific; Figure 1) following Lyle’s (2003) approach based on careful considerations of north-south and west-east oceanographic variations such as carbonate productivity and the thermocline. This approach aligns with our assessment of regional CCD reconstructions, ensuring a division of the Pacific into sub-regions based on distinct oceanographic domains.
For computing the CCD through time, we use the workflow developed by Dutkiewicz and Müller (2021), age-depth models and lithological data from each drill site, and pyBacktrack 1.4 software (Müller et al., 2018) to backtrack each site and compute the paleowater depth (Supplementary Material, Figure 1). Paleobathymetry is computed by isostatically decompacting the sediment column for each drill site while considering the effects of tectonic subsidence (Sclater et al., 1985) on both oceanic and continental crusts, time-dependent dynamic topography (Braz et al., 2021) and eustatic sea level (Haq et al., 1987) as modified by Miller et al. (2005), following Braz et al. (2021). Lithology-specific decompaction of the sediment column was carried out in 10 m intervals or less in order to capture lithology variations using the lithology library in pyBacktrack 1.4 (Müller et al., 2018).
We combine the paleowater depths with computations of carbonate accumulation rates (CAR) from multiple drill sites in each region to reconstruct the CCD through time. For each drill site, the CAR value is computed by multiplying the weight % of CaCO3 of a sample by its dry bulk density and the linear sedimentation rate (Lyle, 2003). All data on carbonate content (with an average error of <0.8%) and dry bulk density are provided in Supplementary Material. For each drill site, the CAR values are partitioned into 1 Myr-wide moving window and 0.5 Myr time steps. For times where data points are sparse, the CAR values are averaged into a 1 Myr-wide moving window with 1 Myr time steps. We follow Campbell et al. (2018) method and use a linear reduced major axis regression on the CAR values versus paleo-water depth, while also detecting using GMT 6.4.0 gmtregress (https://docs.generic-mapping-tools.org/6.4/gmtregress.html; Wessel et al., 2019) to define the CCD for each time step, at 95% confidence. It is essential to exclude statistical outliers when combining data from many sediment cores across broad oceanic regions. Since the CCD is inferred as the depth at which CAR approaches zero, the presence of anomalously high CAR values at great depths, or small accumulation rates at shallow depths, produce outliers which can bias the slope and intercept of regression models, resulting in unrealistic or physically implausible CCD estimates. Outliers often reflect local rather than regional processes. These may include enhanced or anomalously low carbonate productivity or reworking of sediments. Their exclusion from regional analyses is important to avoid violating assumptions of regional environmental homogeneity and erroneous generalizations about basin-scale CCD evolution.
To estimate the CCD, we assume that CAR approaches zero due to a progressive increase in dissolution below the lysocline (Lyle, 2003). Therefore, the y-intercept of the regression line determines the CCD at each time step (Figure 2). However, it should be noted that the variability in the shape of the lysocline over time, driven by changes in rates of surface carbonate productivity (Broecker, 2008) and dissolution (Broecker, 2008; Pälike et al., 2012), remains poorly understood. For instance, Broecker (2008) highlighted a greater offset between the carbonate undersaturation and saturation horizons at higher carbonate burial rates compared to the smoother transition of the saturation horizon at lower carbonate deposition rates. Furthermore, determining carbonate dissolution rates in deep-sea sediments presents challenges due to insufficient knowledge of the different factors involved, such as the hydrodynamic boundary layer’s (bottom water layer) role in resisting seafloor dissolution and the duration over which carbonate can resist dissolution on the seafloor. Thus, our computations follow the simple linear regression approach of Pälike et al. (2012) and Campbell et al. (2018).
[image: Figure 2]FIGURE 2 | Examples of CCD computations using linear reduced major-axis regression analysis with outlier detection. This regression analysis includes the dynamic topography model D10 (Braz et al., 2021). The CCD is defined by the carbonate accumulation rate (CAR) values extrapolating to zero as a function of the paleowater depth (i.e., the y-intercept). Data points (blue and red circles) represent multiple drill sites at each time interval. Red circles represent outliers. Gray band indicates 95% confidence envelope. Note that the slope of the line is only used to determine the location of the CCD. Multiple times have been excluded from the analysis due to insufficient data to generate regression plots. Our robust regression approach detects outliers based on the mean of the squared residuals across three thresholds: the standard approach identifies outliers for the absolute value of standardized residuals >2.5, with two narrower thresholds set at >1.5 and >0.5. We also examine the standard regression analysis without identifying outliers, particularly in cases of oddly distributed sparse data points, where three thresholds of outlier detection result in incorrectly identified outliers (by visual inspection). For example, during the time interval centered at 19.5 Ma in the eastern equatorial region, regression analysis identified drill sites DSDP 70, 574 (and 574-hole C) as outliers due to deviations in CAR values from the standardized residuals (>2.5). Sites 574 and 574C exhibited anomalously high CAR values exceeding 2,600 mg/cm2/k.y at a paleowater depth of ∼4.2 km. These anomalies fell outside the CAR value cutoff for exclusion through the computational analysis. Site 70 is represented at this time by two distinct CAR values: CAR value 99 mg/cm2/k.y at a paleowater depth of 4,580 m and CAR value 1,109 mg/cm2/k.y at a paleowater depth of 4,571 m, with the latter value reflecting a notable CAR anomaly considering the relatively similar paleowater depth at the same sampling window with the CCD located at a paleowater depth of ∼4.6 km. While these sites were consistently flagged as outliers in earlier intervals before 19.5 Ma, only site 574 continued to exhibit anomalies after 19.5 Ma. Site 574 (and 574C) exhibited higher CAR values during the early Miocene despite being located farther from the narrow equatorial high-productivity zone compared to other drill sites, such as site 573 (with significantly lower CAR values < 1,100 mg/cm2/k.y at a shallower paleowater depth ∼3.8 km). The anomalously high CAR values at these drill sites during this time period may be attributable to downslope carbonate transport processes. The regression analysis without accounting for outliers at this time interval resulted in a ∼100 m shallower CCD.
Linear reduced major axis regression analysis is employed to account for uncertainties both in the CAR value and in the paleowater depth. The primary uncertainty in CCD reconstruction arises from paleobathymetry computations, while additional sources of uncertainty include sediment decompaction, the presence of unconformities, and carbonate measurements (Dutkiewicz et al., 2018). The total uncertainty resulting from regression analysis for each reconstruction time and sub-region reflects various error sources such as age-depth errors, carbonate content, and sedimentation rates (see also Dutkiewicz et al., 2018; van Andel et al., 1975). Additionally, following a similar approach to Dutkiewicz and Müller (2022), we consider a cutoff for CAR values of <1,500 mg/cm2/kyr for paleo-water depths <2.5 km (i.e., water depth above the mid-ocean ridge). CAR values exceeding 2,000 mg/cm2/kyr at paleo-water depths >4.5 km are also excluded following the approach of Dutkiewicz and Müller (2022), because they represent anomalies related to processes such as downslope transport of carbonate sediments.
We perform a linear regression on CAR values versus paleo-water depth (Figure 2) using three approaches, incorporating two recently published dynamic topography methods. The first approach uses the “D10” dynamic topography model (Braz et al., 2021) combined with eustatic sea level from Haq et al. (1987) with modifications by Miller et al. (2005). The second approach uses the “M6” model, which is a dynamic topography model from which long-term sea-level fluctuations are computed (Müller et al., 2018), while the third approach excludes the effects of dynamic topography and sea level. Our preferred model, D10 (a compressible mantle flow model) was used because it accounts for mantle plumes, which are essential for Pacific dynamic topography estimations due to the significant mantle upwelling in the Pacific.
3 RESULTS: REGIONAL CCD RECONSTRUCTIONS IN THE PACIFIC
The Pacific CCD of van Andel et al. (1975) over the Cenozoic generally tracks the global CCD variations (e.g., Boss and Wilkinson, 1991; Delaney and Boyle, 1988). Van Andel et al. (1975) described the CCD in the equatorial Pacific as distinct from the entire Pacific CCD since 50 Ma, primarily in terms of the magnitude of fluctuations (∼500 m deeper), which aligns with the overall trend of the equatorial Pacific CCD of Berger (1973). However, our results show significant regional variability in the CCD fluctuations across the entire Pacific Ocean, highlighting the shortcomings of a single representative CCD over the entire Pacific (Figures 3, 4, 6). However, given that the eastern equatorial CCD is the most detailed and intensely studied CCD in the Pacific (Campbell et al., 2018; Lyle, 2003; Pälike et al., 2012), and is also well-defined in our reconstructions, we explore regional CCD changes in the Pacific in relation to the CCD model of the eastern equatorial area.
[image: Figure 3]FIGURE 3 | CCD reconstructions for the North Pacific spanning the last 20 Ma, covering the regions defined in Figure 1, including (A) eastern North Pacific and (B) western North Pacific. The northwest Pacific CCD curve from Rea et al. (1995) is shown in (B). Solid black line is the portion of the CCD reconstructed using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of Miocene Climate Optimum (MCO) from Westerhold et al. (2020) and the Miocene Carbonate Crash (MCC) in the equatorial Pacific from Lyle et al. (1995). Timing of ocean gateway closing from Schmittner et al. (2004) for the Panama Gateway, and from Bahr et al. (2023) and Kuhnt et al. (2004) for the Indonesian Seaway.
[image: Figure 4]FIGURE 4 | CCD reconstructions for the equatorial Pacific spanning the last 35 Ma, covering the regions defined in Figure 1, including (A) eastern equatorial Pacific and (B) western tropical Pacific. Regional CCD curves from published studies are shown in A. Solid black line is the portion of the CCD reconstructed using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of Eocene/Oligocene Transition (EOT), Oligocene/Miocene Transition (OMT), Miocene Climate Optimum (MCO), and the Southern Hemisphere (SH) glaciation from Westerhold et al. (2020). Approximate timing of the Miocene Carbonate Crash (MCC) in the equatorial Pacific from Lyle et al. (1995). Timing of ocean gateway opening and closing from Eagles and Jokat (2014) for the Drake Passage, from Straume et al. (2020) for the Tasmanian Gateway, from Schmittner et al. (2004) for the Panama Gateway, and from Bahr et al. (2023) and Kuhnt et al. (2004) for the Indonesian Seaway.
3.1 North Pacific CCD modeling
3.1.1 Eastern North Pacific
Due to data scarcity, our CCD reconstruction in the eastern north area cannot extend before the middle Miocene, as the regression analysis fails to provide the CCD estimates. During the late middle Miocene, considering the associated errors of ∼±100–700 m, rarely exceeding ∼1 km, the CCD in this region is relatively shallow, between ∼3.2 and 3.9 km (Figure 3A), compared to the much deeper CCD of ∼4.4–4.8 km observed in the eastern equatorial region during this interval (Figure 4A). However, the CCD of ∼3.5 km at ∼8.5 Ma gradually deepens, reaching a maximum depth of ∼4.5 km in the Pliocene in this region. Since 4.5 Ma, the CCD model exhibits a lower level of uncertainties (<±400 m) compared to uncertainties of earlier segments (∼±700 m and occasionally > ±1 km). The CCD has remained relatively stable between ∼4.3 and ∼4.4 km since 4 Ma. The present-day CCD in the eastern North Pacific, at ∼4.3 km, is comparable with the modern CCD of ∼4.4 km determined by Sulpis et al. (2018) for this region (Table 1).
3.1.2 Western North Pacific
In the western North Pacific, our model estimates the CCD at ∼4.2 km by ∼19 Ma, which gradually shoals to ∼3.4 km during the middle Miocene, as also indicated by Rea et al. (1995), Figure 3B. The middle Miocene shallow CCD is followed by a series of smaller deepening and shoaling episodes (ranging between ∼3.5–4 km) towards the Pliocene, which broadly correlates with the shoaling trend of the CCD observed by Rea et al. (1995) for this region within this period. The western North Pacific CCD remains at ∼3.8–3.9 km between 12 Ma and 8.5 Ma, with no evidence for the sharp CCD shoaling attributed to well-known carbonate crash of the late Miocene in the eastern equatorial region (e.g., Lyle et al., 1995). The CCD has remained shallow since the Pliocene, varying between ∼3.4 and 3.7 km, with smaller uncertainties (<±200 m) than prior to the Pliocene (up to ∼±700 m). In this study, the present-day CCD of the western North region, at ∼3.6 km, appears to be the shallowest modern CCD modeled in all the regions of the Pacific. This is consistent with Zhang et al.’s (2022) findings of a shallower CCD (∼4 km) in this region compared to a CCD of ∼5.1 km and ∼4.5 km in the western and central equatorial Pacific, respectively (Table 1). The shallow CCD from our model is much deeper (∼1.2 km) than Rea et al.’s (1995) estimate of present-day CCD of ∼2.4 km in the western North Pacific.
3.2 Eastern equatorial Pacific CCD modeling
The CCD across the eastern equatorial Pacific has been the subject of multiple reconstructions (e.g., Campbell et al., 2018; Lyle, 2003; Pälike et al., 2012). Our eastern equatorial CCD spans 35 Ma to 0 Ma and exhibits a comparable long-term trend with that of Berger (1973), van Andel (1975), Lyle (2003), Pälike et al. (2012) and Campbell et al. (2018), with some differences in short-term fluctuations (Figure 4A). Our regression analysis indicates the early Oligocene CCD deepening from ∼4 km at ∼35 Ma to ∼4.6 km at ∼31.5 Ma. The deep CCD throughout the Oligocene experiences some modest fluctuations (∼300 m) up to the early Miocene. The CCD shoaling between 19 and 16 Ma (Figure 4A), agrees with that modeled by Pälike et al. (2012) and Lyle (2003). After 16 Ma, the CCD deepens to ∼4.8 km by 12 Ma, the deepest Cenozoic CCD in this region. In the latest Neogene, the CCD shallows to ∼4 km. Previously modeled shallow CCD maxima in the latest Neogene (e.g., Campbell et al., 2018; Lyle et al., 1995; Pälike et al., 2012) are observed in our model at 10–9 Ma and 7–6.5 Ma, along with the shoaling episode in the Pliocene-Pleistocene (reaching ∼3.9 km by 2.5 Ma).
Our present-day CCD of ∼4.2 km in the eastern equatorial region is in good agreement with independent estimates such as ∼4.4 km for the central equatorial Pacific from Sulpis et al. (2018), ∼4.6 km from Bostock et al. (2011), and ∼4.6 km from Pälike et al. (2012) (Table 1).
3.2.1 Reproducibility of the eastern equatorial CCD reconstruction
The CCD reconstruction of Pälike et al. (2012) for the eastern equatorial region extending back to the early Eocene is extremely detailed and shows major and frequent fluctuations on 250 kyr timescales. However, their analysis does not include a computation of uncertainties, which prohibits an evaluation of the true significance of some of these fluctuations. Because the Pälike et al. (2012) reconstruction used a similar approach to ours we are able to reproduce their CCD and show that their errors are large and comparable to those in our model, which includes a subset of drill sites used in the Pälike et al. (2012) dataset. In order to assess the associated errors in Pälike et al’s. (2012) model, we reconstruct the CCD based on the authors’ dataset. We use our preferred regression analysis, together with three alternative methods (Figure 5) to find the regression method that best fits the Pälike et al. (2012) CCD curve because the exact method that they used is not described. Similar to Campbell et al. (2018), we were not able to reproduce the Pälike et al. (2012) CCD exactly using their dataset, but we find a close match with the published curve using the least squares with reduced axis regression (LSR; Figure 5A) and the standard least squares regression with y-axis errors only (LWR; Figure 5C). However, the uncertainties are substantial for the period 33–0 Ma, ranging between ±100 m and ±1,783 m (mean = ±490 m) for LSR, and ±35 m to ±1,750 m (mean = ±355 m) for LWR. The LSY method produces a relatively poor match with the published curve and relatively large errors (Figure 5B), while the LWY regression (Figure 5D) produces smaller errors but worse fit than either LSR and LWR. The uncertainties for older times are smaller because fewer data points are used in the regression, resulting in tighter fits to sparse data. However, this does not imply that the model is more accurate, as regressions based on sparse data points reduce the confidence in resulting interpretations, which should be used with caution.
[image: Figure 5]FIGURE 5 | Assessment of uncertainties in the eastern equatorial Pacific CCD model of Pälike et al. (2012), which was reported without errors (blue curve) and without details of their regression method. Our re-assessment is based on carbonate accumulation data (CAR) and paleo-water depths used by Pälike et al. (2012) and applies four different regression methods to produce a CCD curve (orange line) with an uncertainty envelope (light orange). (A) LSR—least squares with reduced axis regression calculating errors on the x-axis (CAR) and the y-axis (paleo-water depth), (B) LSY method—least squares regression computing errors on the y-axis, (C) LWR—weighted least squares with reduced axis regression and outlier detection, (D) LWY—weighted least squares with outlier detection and error computation on the y-axis. Note that LWR results in the best match to the published curve of Pälike et al. (2012) with a large error envelope between 33 Ma and 0 Ma. Smaller errors prior to 33 Ma reflect fewer data points used in the regression.
Our eastern equatorial CCD broadly tracks Pälike et al’s. (2012) CCD, with a slight divergence from the Oligocene to the early Miocene and a notable decoupling between the late Pliocene and the Pleistocene (Figure 4A). The disparity in these results can be attributed to a larger dataset of drill sites used in our CCD model versus that of Pälike et al. (2012) for this region. However, the uncertainties in our CCD are generally smaller (±75–345 m; mean = ±184 m) than those calculated for the Pälike et al. (2012) CCD. Our results illustrate that CCD fluctuations over timescales less than ∼0.5 million years are typically within the errors of the data used for this purpose, even if high-resolution stratigraphic data are used, and irrespective of the type of regression analysis.
3.3 Western tropical Pacific CCD modeling
In the western tropical region, the CCD between 32 Ma and 29 Ma is inferred to have deepened from ∼3.2 to 3.9 km within this period (Figure 4B). The CCD drop at the beginning of the Oligocene shows a delay of ∼2 Ma in the western tropical region compared to the eastern equatorial area. The CCD of ∼3.2 km during the latest Oligocene deepens to ∼4 km toward the early Miocene. Compared to other regions of the Pacific, the western tropical area has experienced significant CCD fluctuations during the Neogene, although the uncertainties are quite large (up to ∼±700 m). Throughout the Miocene, the western tropical Pacific exhibits various CCD fluctuations, marking a significant deepening between 12.5 Ma and 10.5 Ma, succeeded by a lowered CCD in the late Miocene. Notably, an ∼0.5–1 km shallower CCD compared to the eastern equatorial Pacific is evident in this region during the latest Miocene. This is followed by a CCD deepening in the early Pliocene and a shallower CCD during the latest Pliocene. Since the Pleistocene, there has been a gradual deepening of the CCD to ∼4.5 km at 0.5 Ma. The 0.5 Ma CCD from our study is comparable with the present-day CCDs of ∼4.5–4.6 km from Sulpis et al. (2018), Zhang et al. (2022), and Bostock et al. (2011) across this region (Table 1).
3.4 South Pacific CCD modeling
3.4.1 Eastern South Pacific
Data limitation makes it challenging to compute the CCD prior to the middle Miocene using regression analysis. The CCD in the eastern South Pacific has remained above ∼4 km since the middle Miocene (uncertainties are generally < ±300 m, Figure 6A). Similar to the CCD shoaling of the eastern equatorial region, this area shows a shallower CCD between 19.5 Ma and 17 Ma (∼3.5–3.6 km) compared to the middle Miocene segment, followed by a significant shoaling to ∼3.2 km at 10.5 Ma. The CCD deepening reconstructed between 15 Ma to 11 Ma across the equatorial region (Lyle, 2003; Pälike et al., 2012; and this study; Figure 4A) correlates with the CCD shoaling (∼700 m) in this region. While the data are insufficient between 10.5 Ma to 8.5 Ma to generate regression plots, interpolation suggests a deepening CCD, reaching around 4 km by 8.5 Ma. The CCD has remained shallow since the late Neogene, ranging between ∼3.6 and 3.9 km, with minor fluctuations, consistent with the CCD of Rea and Leinen (1986). Our modern CCD at 0.5 Ma is ∼400 m shallower than the present-day CCD of Sulpis et al. (2018) and Rea and Leinen (1986) estimated to be ∼4 km (Table 1).
[image: Figure 6]FIGURE 6 | CCD reconstructions for the South Pacific spanning the last 20 Ma, covering the regions defined in Figure 1, including (A) eastern South Pacific and (B) western South Pacific. The southeast Pacific CCD curve from Rea and Leinen (1986) is shown in A. Solid black line is the portion of the CCD reconstructed using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of Miocene Climate Optimum (MCO) from Westerhold et al. (2020) and the Miocene Carbonate Crash (MCC) in the equatorial Pacific from Lyle et al. (1995).
3.4.2 Western South Pacific
Owing to the complexity of the seafloor topography and deep ocean circulation in the western South Pacific over time (Bostock et al., 2011), it would be advantageous to reconstruct the CCD at sub-basin scales in this region. However, sparse data coverage only allows us to model the CCD for the entire western South Pacific. Our CCD model is confined to the late Neogene (Figure 6B). The late Miocene CCD is between ∼4.1 and 4.2 km, with no evidence of shoaling that is associated with the eastern equatorial Pacific between ∼12 Ma and 8 Ma (Figure 4A). A brief CCD rise of ∼300 m from 7.5 Ma to 6.5 Ma coincides with a shoaling episode of the eastern equatorial Pacific (Figures 4A, 6B). A CCD of ∼4.3 km at 0.5 Ma is significantly deeper than that of the eastern south region (∼3.6 km).
4 CAUSES OF REGIONAL CCD VARIATIONS IN THE PACIFIC OVER THE NEOGENE
Our CCD reconstructions provide new insights into regional CCD variations across the Pacific since the early Miocene, particularly in the equatorial region that includes the first CCD model for the western tropical Pacific. Distinct CCD fluctuations in the western and eastern equatorial regions of the Pacific (Figures 4A,B) highlight the importance of longitudinal CCD variability beyond the previously discussed latitudinal gradient (Lyle, 2003). Previous studies (Campbell et al., 2018; Lyle, 2003; Pälike et al., 2012) have documented the eastern equatorial Pacific CCD evolution in detail. However, our complementary western tropical CCD model represents a new CCD reconstruction in this region (Figure 4B), revealing two significant (∼1 km) CCD deepening pulses from the early Oligocene to the early Miocene not seen in the eastern equatorial region. The first deepening, from ∼3.2 km at 30.5 Ma to ∼4 km at 29 Ma, remains enigmatic. It cannot be linked to regional gateway modifications due to a lack of any significant changes in tropical Pacific gateways before the Miocene (Lyle et al., 2008), nor to the early Oligocene East Antarctic glaciation, as this continental glaciation did not lead to deep ocean circulation changes or associated cooling (Lear et al., 2000; Mackensen, 2004). Further constraints from additional drill sites with reliable age models covering the earliest Oligocene, which are currently not available, are essential to determine whether this shift represents a regional response to primary carbonate productivity (e.g., Lyle et al., 2008; Moore Jr et al., 2004; Van Andel and Moore Jr, 1974).
The second CCD deepening in this region, from ∼3.2 km at 23.5 Ma to ∼4.1 km at 20.5 Ma following a gradual rise, may be associated with the significant growth of West Antarctic Ice Sheet (WAIS) at this time. A recent study by Klages et al. (2024) based on Earth system and ice sheet models, utilizing multiproxy data from both terrestrial and marine microfossils from West Antarctica’s Pacific margin, revealed that the West Antarctic ice sheet initially expanded into the marine realm at ∼26 Ma, lagging the East Antarctic glaciation by ∼7–8 Ma. A delayed response to this late Oligocene growth in Antarctic ice sheet has also been observed in ocean cooling of ∼1°C after ∼24 Ma based on geochemical proxies (Billups and Schrag, 2002). Thus, the western tropical CCD deepening after ∼24 Ma may be ascribed to the ocean’s delayed cooling in response to the late Oligocene WAIS, coinciding with a notable decrease in atmospheric CO2 during the earliest Miocene (Hönisch et al., 2023). Our results suggest that the early Miocene Antarctic Bottom Water (AABW) formation (Woodruff and Savin, 1989), following the expansion of the WAIS and its northward flow along the western South Pacific, may have impacted the western tropical Pacific during the earliest Miocene. This glacial cooling may be incorporated with low sea surface temperature (SST) affected by the distributed Western Pacific Warm Pool (WPWP) to the Indian Ocean during this time, resulting in this early Miocene CCD deepening. Episodes of higher nutrient concentration favoring carbonate productivity (small-size coccolith production) in the western tropical Pacific over the Miocene correspond to cooling and a shallower thermocline affected by the Western Pacific Warm Pool (WPWP) dynamics (Imai et al., 2015; Yuwono and Sato, 2020). During the early Miocene, when the Indonesian Seaway was still open, the Indo-Pacific water exchange and westward WPWP flow to the Indian Ocean created a shallow thermocline across the western tropical region (Von Der Heydt and Dijkstra, 2011), which could possibly contribute to carbonate accumulation. The role of the thermocline in calcareous biogenic productivity across the western tropical and western North Pacific during the Miocene and Pliocene (Imai et al., 2015; Pratiwi and Sato, 2016) suggests that it may have played a major role in driving CCD variations in the western tropical Pacific since the Miocene. For instance, the cooling and shoaling of the thermocline and enhanced water mixing across the western tropical Pacific since 4 Ma, with intensified episodes between ∼3.1 Ma and ∼0.7 Ma (Dang et al., 2024), agree with our modelled CCD deepening from ∼3.8 km at 3 Ma to ∼4.5 km at 0.5 Ma in this region. The western tropical Pacific thermocline and its vertical changes, affected by the East Antarctic glaciation and the progressively reduced Indo-Pacific water exchange through the Indonesian Seaway constriction during the Miocene (Gallagher et al., 2009; Gasperi and Kennett, 1993; Nathan and Leckie, 2009), and its effect on the CCD variability of this region require further investigation.
Although Imai et al. (2015) described a similar effect of the thermocline changes on carbonate production in the western North Pacific over the Neogene, the inferred timing by the authors (e.g., shoaling of the thermocline since 5 Ma) does not exhibit a clear pattern correlative with our western North Pacific CCD fluctuations. In the middle Miocene, a CCD shoaling in the western North Pacific, peaking at ∼3.5 km between 15 Ma and 14.5 Ma (Figure 3B), could be associated with the Miocene Climate Optimum (MCO: 17–14 Ma; Westerhold et al., 2020). Holbourn et al. (2014) used benthic foraminiferal isotope signatures from the eastern equatorial Pacific during the MCO combined with astronomically tuned δ18O and δ13C proxies from the southeast and northwest Pacific covering the same interval from an earlier study (Holbourn et al., 2007) to suggest that the Southern Hemisphere warming led to an ∼5 °C increase in Pacific deep ocean temperature between 15.7 and 14.7 Ma, which in turn resulted in enhanced deep-sea carbonate dissolution and a CCD rise. According to the authors, carbonate preservation recovered during the next cooling phase at ∼13.8 Ma, associating with Antarctic ice sheet expansion, which correlates with a reduction in atmospheric CO2 (Hönisch et al., 2023). This pattern and subsequent recovery are reflected in a CCD shoaling within MCO, peaking at ∼3.5 km between∼15 and ∼14.5 Ma, followed by a deepening to ∼4 km at 13.5 Ma in our model from the western North region. A recent study by Holbourn et al. (2024) based on a multi-proxy record from Site U1490 in the western equatorial Pacific shows an increased carbonate accumulation over the MCO followed by a decrease during the Middle Miocene Climate Transition (MMCT). These excursions agree with our CCD model for the western tropical Pacific (Figure 4B), which shows a CCD deepening from ∼3.6 km at ∼16.5 Ma to ∼4.1 km at its end, followed by a short-lived CCD shallowing to 3.5 km at the start of the MMCT. Holbourn et al. (2024) attribute the carbonate accumulation high during the MCO to increased primary productivity, possibly related to an increase in weathering (Bolton et al., 2016; Si and Rosenthal, 2019), which compensated for increased carbonate dissolution related to the increased formation and northward expansion of corrosive deep waters in the western tropical Pacific. During the MMCT, carbonate preservation improved due to reduced CO2 uptake at deep-water formation sites in the Southern Ocean, while carbonate accumulation decreased (Holbourn et al., 2024) suggesting that primary productivity also decreased at this time.
Since the late Miocene, the CCD fluctuated between ∼3.4 km and ∼3.9 km in the western North Pacific (Figure 3B), which could be linked to the impact of the Panama Gateway constriction on the deep-water chemistry of the Pacific. At present, the Pacific deep water is becoming enriched in dissolved silica, while displaying relatively low carbonate ion concentrations as deep water flows and ages toward the North Pacific (Zhang et al., 2022). This northward silica gradient across the Pacific mirrors the late Miocene pattern, following the formation of AABW and its northward flow to the North Pacific (Woodruff and Savin, 1989). This silica gradient is triggered by reduced Atlantic-Pacific water exchange through the restriction of the Panama Gateway and enhanced nutrient concentration and productivity across the eastern equatorial Pacific (Schneider and Schmittner, 2006). Productivity increases result in opal sedimentation due to faster rain of opal and its higher preservation compared to carbonate (Lyle and Baldauf, 2015). Recycling and dissolution of biogenic opal before complete burial (Ragueneau et al., 2000) could result in enhanced dissolved silica (DSi) toward the North Pacific. Additionally, Panama Gateway constriction enhanced the North Atlantic Deep Water (NADW) production (Butzin et al., 2011; Schneider and Schmittner, 2006) and accompanied by Antarctic cooling, led to an increased AABW flow to the Pacific enriched in dissolved silica (Keller and Barron, 1983), triggering the DSi pool to the North Pacific (Cortese et al., 2004). All these occurrences have resulted in enhanced silica burial in the western North Pacific over the late Neogene (Barron, 1998; Rea et al., 1995), which is reflected in the overall shoaling trend of our CCD model since the late Miocene. We interpret this CCD rise in relation to silica flux because diatom productivity surpasses coccolith accumulation under relatively high nutrient supply conditions (Litchman, 2007), and higher silica productivity intervals coincide with carbonate dissolution (Lyle and Baldauf, 2015), which leads to a shoaling trend of the CCD. This is supported by the stratigraphy of ODP sites 881, 882, 883 and 884 from the western North region (Figure 1), which is dominated by post-late Miocene diatom ooze. In addition, our CCD reconstruction in the western North Pacific shows shoaling peaks at 6.5 Ma and 3 Ma, which correlate with two notable peaks of silica accumulation (at ∼6 Ma and ∼3 Ma) in this region (Rea et al., 1995).
Our eastern equatorial CCD model shows two shallowing pulses in relation to two major events of the late Miocene, encompassing the carbonate crash and biogenic bloom, in this region (Figure 4A). The first shoaling, with an onset at ∼11.5 Ma, corresponds to the carbonate crash event recognized by Lyle et al. (1995) in different parts of the eastern equatorial Pacific between 11 and 8 Ma. Lyle and Baldauf (2015) determined that this event occurred between 13.2 and 8 Ma in the Pacific eastern equatorial region. Our CCD reconstructions suggest that the peak of the carbonate crash occurred between 10.5 and 9 Ma over a regional scale across the eastern equatorial Pacific, coinciding with the lowest carbonate preservation of ∼9.7 Ma from Lyle et al. (2019). This event is reflected in the CCD shoaling of ∼800 m from ∼4.8 km at 12 Ma to ∼4 km at 10 Ma in our model, ∼300 m shallower than the value computed by Pälike et al. (2012) for this period (Figure 4A). The carbonate crash may be explained as a consequence of the Panama Gateway constriction by enhanced carbonate dissolution due to intensified AABW flow and corrosive water circulation to the Pacific (Lyle et al., 1995; Roth et al., 2000). Furthermore, in the western tropical Pacific, the CCD shoals by ∼900 m, from ∼4.2 km at ∼11 Ma to ∼3.2 km at ∼8 Ma (Figure 4B), indicating the occurrence of the carbonate crash event in this region. This marked shift further suggests that the equatorial region of the Pacific has experienced a substantial response to the carbonate crash event during the late Miocene. Based on our CCD data, we propose the initiation of carbonate crash in the eastern equatorial Pacific at ∼11.5 Ma and in the western tropical Pacific at ∼10.5 Ma. Additionally, the CCD shallowing corresponding to the carbonate crash peaks at ∼8 Ma in the western tropical region, compared to that of the eastern equatorial of ∼10–9.5 Ma. These patterns may offer the east-west lag in the onset and intensification of the carbonate crash. Nathan and Leckie (2009) described a ∼1 Ma delay in the initiation of the carbonate crash event from the Caribbean to the eastern equatorial Pacific, which we argue may have further extended into the western tropical region of the Pacific. However, considering the 0.5 Ma resolution of our analysis, this interpretation should be regarded with caution. We also note a signal of this event in our model for the eastern South Pacific expressed by a rise of the CCD from ∼3.5 to ∼3.2 km between 12 and 10.5 Ma (Figure 6A). The carbonate crash event was also inferred in the eastern South Pacific by Preiss-Daimler et al. (2021) based on a carbonate accumulation decline at ∼11 Ma. The occurrence of the carbonate crash event in the eastern South Pacific suggests that the oceanographic effect of the Panama Gateway constriction extended beyond the Pacific equatorial region. However, our findings indicate that the carbonate crash may not have occurred as a basin-wide event across the Pacific Ocean. The spatially variable expression of the carbonate crash within the Pacific broadly corresponds to the carbonate crash signals observed in the low-to mid-latitude Atlantic and Indian Oceans (Lübbers et al., 2019; Preiss-Daimler et al., 2021). Notably, our CCD model reveals no evidence of this occurrence in the western North Pacific, where the CCD remained relatively stable between ∼3.9 and ∼3.8 km from ∼12 to ∼8.5 Ma (Figure 3B). Moreover, examining core sediments from deep-sea drill sites in this region, like those from the Shatsky Rise (Figure 1), which extend into the middle Miocene, demonstrate well-preserved carbonate sequences predominantly composed of nannofossil ooze, with CaCO3 concentrations averaging ∼60–70% during this interval.
The subsequent CCD shallowing in the eastern equatorial region of the latest Miocene, peaking between ∼7 and ∼6.5 Ma (Figure 4A), corresponds to the late Miocene biogenic bloom event of the eastern equatorial Pacific, which may be another response to the Panama Gateway constriction and the resulting differentiation in Atlantic-Pacific deep water (Farrell et al., 1995; Lyle and Baldauf, 2015; Lyle et al., 2019; Pillot et al., 2023). The occurrence of the biogenic bloom from our model is coeval with the late Miocene carbon isotope shift between 7.7 and 6.4 Ma (Drury et al., 2017). While the underlying mechanisms of the late Miocene biogenic bloom remain debated, Pillot et al. (2023) argue that the heterogeneous distribution of biogenic bloom (with peak intensity at ∼7 Ma) across the global ocean may be driven by the strengthening of thermohaline circulation or intensified wind-driven upwelling on a global scale, both influenced by climate variability and gateway dynamics. Here, our CCD record correlates with the highest biogenic opal accumulation rates recorded between 7.1 and 6.4 Ma from Lyle and Baldauf (2015), and between 7 and 6.5 Ma from Lyle et al. (2019) in the eastern equatorial region. Lyle et al. (2019) suggest that despite high carbonate burial since 14 Ma (apart from the carbonate crash interval), enhanced diatom productivity during the biogenic bloom was accompanied by reduced carbonate accumulation across the equatorial high-productivity region of the Pacific. Supporting this, Lyle et al.’s (2019) data indicate that an average of ∼20% increase in biogenic opal wt% corresponded with a ∼20% decrease in CaCO3 wt% between ∼7 and ∼6.5 Ma at drill site U1338, which is part of a cluster of eight drill sites, identified within the biogenic bloom manifestation zone in the eastern equatorial Pacific (Pillot et al., 2023). Within this period, opal wt% peaked at ∼39%, while carbonate content declined to ∼44%, representing a ∼35% reduction from ∼7.5 Ma. These observations may suggest that enhanced opal accumulation is captured in our CCD model by a peak of shoaling (∼7–6.5 Ma) across the eastern equatorial region. However, in the western tropical region, CCD shoaling reached its peak between ∼5.5 and ∼5 Ma (∼3.3–3.2 km), when the eastern equatorial CCD deepened to ∼4.5 km by ∼5 Ma (Figures 4A,B). The observed offset in CCD trends between the western and eastern equatorial Pacific until ∼4 Ma may reflect perturbations between biogenic opal production and carbonate accumulation, modulated by thermocline variability across the equator. The thermocline shifts, influenced by the Pacific warm pool dynamics, contributed to longitudinal asymmetry in species distribution across the equatorial Pacific during the late Miocene (Nathan and Leckie, 2009). Our results also represent a subsequent relative convergence of CCD patterns across the western tropical and eastern equatorial regions between ∼4 Ma and ∼1 Ma, which coincides with a diminished west-east thermocline gradient (Wara et al., 2005) and the disappearance of a nannofossil content gradient across the equatorial Pacific during this interval (Bolton et al., 2010). Nevertheless, a more comprehensive understanding of the interplay between CCD variability, Pacific warm pool fluctuations, and the differential contributions of opal and carbonate productivity across the equatorial Pacific necessitates further examination of high-resolution proxy data.
5 CONCLUSIONS
We present new models of the CCD across the entire Pacific Ocean, split into six regions (western North Pacific, eastern North Pacific, western tropical Pacific, eastern equatorial Pacific, western South Pacific, and eastern South Pacific). Our results demonstrate distinct regional variability in CCD fluctuations across the Pacific, which differ from the reconstructed average CCD that characterizes the overall Pacific basin. We find the deepest CCD in the eastern equatorial area, ranging between ∼3.7 and ∼4.7 km prior to the middle Miocene. In contrast, the western North Pacific region features a relatively shallow CCD (∼2.3–4 km) over the majority of the Neogene, rarely exceeding 4 km. Coupled with the diverse CCD changes between the eastern equatorial and western tropical regions of the Pacific, our CCD models highlight substantial latitude-longitude heterogeneity in carbonate flux across the Pacific Ocean over the late Cenozoic. We interpret the CCD changes across the Pacific regions to reflect the effect of climate variability, the Antarctic glaciation, and the configurations of the Indonesian and the Panama gateways on regional carbonate productivity across the Pacific over the Neogene. Our model of the western tropical Pacific CCD, the first of its kind, demonstrates a distinct drop at the earliest Miocene that may be related to marine West Antarctic ice sheet growth at 26 Ma (Klages et al., 2024), suggesting a delayed deep ocean cooling after ∼2 Ma. We propose the peaks of CCD shoaling ∼10–9.5 Ma and ∼7–6.5 Ma corresponding to the carbonate crash and biogenic bloom events, respectively, in the eastern equatorial Pacific. These occurrences are also observed in the western tropical region from our CCD models, which may imply these events are characterized over the equatorial region of the Pacific.
Our study provides constraints on CCD perturbations on regional scales. The particularly deeper CCD of the eastern equatorial Pacific, compared to the western tropical and western North regions during the Miocene, offers a caution against the common practice of using the eastern equatorial CCD to represent the entire Pacific (e.g., Bogumil et al., 2024; Boudreau and Luo, 2017) in long-term carbon cycle modeling. However, there is a vital need for future drilling targeting oceanic crust older than 60 Ma in the western Pacific to gain deeper insights into CCD behavior during the warm intervals of the Cretaceous and Paleogene. Additionally, future research could focus on better constraining the CCD and carbonate accumulation in other regions of the global ocean, noting that their evolution is poorly-defined in the Indian and Southern oceans.
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